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Abstract

We review the status of searches for Supersymmetry at the Tevatron

Collider. After discussing the theoretical aspects relevant to the produc-

tion and decay of supersymmetric particles at the Tevatron, we present

the current results for Runs Ia and Ib as of the summer of 1997.
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1 Introduction

The Tevatron is a 1–kilometer radius superconducting accelerator ring, located
at the Fermi National Accelerator Laboratory (Fermilab), in Batavia, Illinois,
U.S.A. The ring is used in two modes: as a source of high energy beams for
fixed target experiments, and, in conjunction with the Antiproton Source, as
a proton–antiproton collider, operating with a pp center–of–mass energy of√
s = 1.8 TeV. The Tevatron Collider has been the world’s accelerator–based

high energy frontier since it first began taking data in 1987, and has thus been
a prime location to search for the final pieces of the Standard Model1 (SM)
and new phenomena beyond.

With the discovery of the top quark at the Tevatron,2 the SM particle
spectrum is almost complete, with only the Higgs boson (and, arguably, the
tau neutrino) lacking direct experimental confirmation. If the interactions of
the leptons, quarks and gauge bosons of the SM remain perturbative up to
very high energies (as appears to be the case from the measured running of the
gauge couplings), then the mechanism responsible for electroweak symmetry
breaking (EWSB) is expected to contain one or more fundamental scalar Higgs
bosons that are light, i.e. with masses of the order of the symmetry–breaking
scale.

The Higgs mechanism3 plays a crucial role in the SM. The neutral compo-
nent of the Higgs boson acquires a vacuum expectation value to give mass to
the W and Z gauge bosons as well as to the SM fermions. In addition, the cou-
plings of the Higgs boson to the gauge bosons and fermions are such as to cancel
the infinities in the electroweak radiative corrections and prevent unitarity vio-
lation in the longitudinal scattering of the gauge bosons. However, if the SM is
valid up to an energy cutoff of Λcutoff ≈MPlanck (MPlanck = 1.22× 1019 GeV),
the model has a fundamental problem, the so–called naturalness problem.4

The radiative corrections to the Higgs boson mass–squared calculated in
the SM are quadratically divergent (proportional to Λ2

cutoff). A physical Higgs
mass of the order of the electroweak scale requires a cancellation of one part
in 1016 between these radiative corrections, which come from the interactions
of the Higgs bosons with all other particles in the theory, and the bare Higgs
mass at the Planck scale:

m2
H ≃ m2

H(Λcutoff) − αΛ2
cutoff . (1)

Either there is an extreme “fine tuning” necessary to have a cancellation of
two independent effects (the naturalness problem), or there must be some new
principle at work.

Supersymmetry (SUSY)5,6,7 is a new symmetry which provides a well–
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motivated extension of the SM with an elegant solution to the naturalness
problem. Supersymmetric transformations relate fermionic and bosonic de-
grees of freedom. Each left–handed and right–handed fermion of the SM is
postulated to have its own bosonic superpartner with equal mass and coupling
strengths. Similarly each SM boson would have its own fermionic superpart-
ner, again with equal mass and couplings. Because bosons and fermions induce
radiative effects of opposite signs, SUSY naturally provides an exact cancella-
tion of the otherwise quadratically–divergent radiative corrections to the Higgs
boson mass.8

Given that no superparticles have been observed so far, it is assumed that
SUSY is broken, and that in general the sparticles must be heavier than their
partners. In order to break SUSY without spoiling the necessary cancellation
of quadratic divergences, the splittings between the masses of the SM particles
and their SUSY partners should not be much larger than a few TeV. If SUSY
is a consistent description of Nature, then the lower range of sparticle masses
can be within the reach of the Tevatron,9 motivating a wide range of searches
in a large number of channels.10 The mass of the lightest neutral Higgs boson
is strongly constrained within SUSY,11 and could be within the reach of the
upgraded Tevatron.12,13 In addition, the decay of the heavy top quark, pair
produced in strong interactions with a cross section of ≃ 6 pb at the Tevatron,
gives a unique mechanism for producing lighter supersymmetric particles which
might not otherwise be produced at a large rate in proton–antiproton collisions.

Two experimental collaborations, CDF and DØ, have large, general–purpose
detectors at Fermilab. The Tevatron had initial running periods in 1985 and
1987 with low luminosity.a In 1988 − 1989 (the ‘89 Run’), the Tevatron oper-
ated at

√
s = 1.8 TeV with an average instantaneous luminosity of 1.6 × 1030

cm−2s−1, and the CDF detector collected approximately 4.4 pb−1 of data.
In 1992 − 93 (Run Ia), CDF and DØ accumulated approximately 20 and 15
pb−1, respectively, and in 1994 − 95 (Run Ib) 90 and 108 pb−1, for a total
Run I integrated luminosity of more than 100 pb−1 per detector.b The average
instantaneous luminosity during Run I was approximately 1 × 1031 cm−2s−1.
A new run (Run II) utilizing the new Main Injector and Recycler rings and
other major accelerator improvements is scheduled to begin around the year
2000, reaching an average instantaneous luminosity of 1 × 1032 cm−2s−1 and
an expected integrated luminosity of 1000 pb−1 per year.14 In addition, the en-

aThe 1985 run produced the first detected luminosity, with 20 events recorded by CDF.
bThe difference in integrated luminosities in Run Ib comes partly from the fact that

DØ uses the 11.3 pb−1 from Run Ic while CDF ignores it, and the fact that the DØ experi-
ment normalizes its luminosity (and hence all cross sections) to an inelastic cross section that
is 2.4% smaller than that used by CDF. For the actual luminosities used in each analysis see
Table 1.
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ergy of the machine will be increased to
√
s = 2 TeV, substantially increasing

the cross section for producing heavy particles (the top quark pair production
cross section, for example, increases by 40% from

√
s = 1.8 TeV to 2 TeV).

Run II, with an upgraded Collider and detectors, holds a great deal of promise
for Higgs boson and sparticle searches.

2 The MSSM

In the past two decades, a detailed picture of the Minimal Supersymmetric
extension of the Standard Model (MSSM), has emerged.15,16,17 In the MSSM,
the particle spectrum is doubled by SUSY. Moreover, to generate masses for
up– and down–type fermions while preserving SUSY and gauge invariance, the
Higgs sector must contain two doublets.18 After EWSB, there is a quintet of
physical Higgs boson states: two CP–even scalar (h,H), one CP–odd pseu-
doscalar (A), and a pair of charged (H±) Higgs bosons.19 All the Higgs bosons
and other SM particles have superpartners with the same quantum numbers
under the SM gauge groups SU(3)C × SU(2)L × U(1)Y , but with different
spin.6 The spin–1/2 partners of the gauge bosons (gauginos) are denoted as

winos W̃±, zinos Z̃, photinos a γ̃, and gluinos g̃. The spin–1/2 partners of the

Higgs bosons (Higgsinos) are H̃1, H̃2 and H̃±. Because of EWSB, the Hig-
gsinos and SU(2)L × U(1)Y gauginos mix to give physical mass eigenstates
consisting of two Dirac fermions of electric charge one, the charginos χ̃±

1,2, and

four neutral Majorana fermions, the neutralinos χ̃0
1−4. The spin–0 partners of

the fermions (sfermions) b are squarks Q̃, c sleptons ℓ̃ and sneutrinos ν̃. Each
charged lepton or quark has two scalar partners, one associated with each chi-
rality. These are named left–handed squarks and sleptons, which belong to
SU(2)L doublets, and right–handed squarks and sleptons, which are SU(2)L

singlets. The neutrinos have only left–handed superpartners ν̃, which belong
to SU(2)L doublets. The gluino g̃ and squarks Q̃ carry color indices and are
SU(3)C octets and triplets, respectively.

The MSSM Lagrangian contains interactions between particles and spar-
ticles, fixed by SUSY. There are also a number of soft SUSY–breaking mass
parameters. “Soft” means that they break the mass degeneracy between SM
particles and their SUSY partners without reintroducing quadratic divergences

aThe superpartners of the U(1)Y and SU(2)L gauge bosons (before EWSB) are the Bino

B̃, the unmixed neutral Wino W̃3, and the unmixed charged Winos W̃1 and W̃2.
bCharge conjugate scalars are denoted by ∗, e.g. Q̃∗.
cTo allow easier reading, we use the non–standard symbol Q̃ instead of q̃. This has no

special significance.
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while respecting the gauge invariance of the theory. The soft SUSY–breaking
parameters are extra mass terms for gauginos and scalar fermions, and trilinear
scalar couplings. The exact number of extra parameters depends on the exact
mechanism of SUSY breaking. In the remainder of this section, the MSSM
particle spectrum and properties will be described in general, and also with
reference to specific SUSY–breaking scenarios and variations.

2.1 Sparticle Spectrum

The chargino and neutralino masses and their mixing angles (that is, their
gaugino and Higgsino composition) are determined by the SM gauge boson
masses (MW andMZ), tanβ,d two soft SUSY–breaking parameters (the SU(2)L

gaugino mass M2 and the U(1)Y gaugino mass M1), and the SUSY Higgsino
mass parameter µ, all evaluated at the electroweak scale MEW .e Explicit so-
lutions are found by considering the 2 × 2 chargino MC and 4 × 4 neutralino
MN mass matrices: f

MC =

(
M2

√
2MW sβ√

2MW cβ µ

)
;MN =

(
Mi Z
ZT Mµ

)
(2)

Mi =

(
M1 0
0 M2

)
;Mµ =

(
0 −µ
−µ 0

)
;Z =

(
−MZcβsW MZsβsW

MZcβcW −MZsβcW

)

MC is written in the W̃+−H̃+ basis, MN in the B̃−W̃ 3−H̃1−H̃2 basis, with
the notation sβ = sinβ, cβ = cosβ, sW = sin θW and cW = cos θW . In general,
the mass eigenstates are admixtures of the interaction states, but, for large
values of |µ| or M1 and M2, the limit is reached where the mass eigenstates are
mostly pure gaugino or Higgsino states (independent of tanβ). In particular,
if |µ| ≫ MZ and M1,M2 ≃ MZ , with M1 < M2, the lightest eigenstates are
gaugino–like and the heaviest are Higgsino–like, leading to the spectrum:

M
χ̃±

1

≃M2; M
χ̃±

2

≃ |µ| (3)

M
χ̃0

1

≃M1; M
χ̃0

2

≃M2; M
χ̃0

3

≃M
χ̃0

4

≃ |µ|.

dOne Higgs doublet, H2, couples to u, c, and t, while the other, H1, couples to d, s, b, e, µ,
and τ . The parameter tan β is the ratio of vacuum expectation values 〈H2〉/〈H1〉 ≡ v2/v1,
and v2 = v2

1
+ v2

2
, where v is the order parameter of EWSB.

eThe electroweak scale MEW is roughly the scale of the sparticle masses themselves.
Usually, in the literature, for simplicity, MEW ≃ MZ .

f Beware of different sign conventions for µ in the literature. Both PYTHIA and ISAJET use
the convention used here.
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Similarly, ifM1,M2 ≫MZ and |µ| ≃MZ , the lightest eigenstates are Higgsino–
like and the heaviest are gaugino–like:

M
χ̃±

1

≃ |µ|; M
χ̃±

2

≃M2 (4)

M
χ̃0

1

≃M
χ̃0

2

≃ |µ|; M
χ̃0

3

≃M1; M
χ̃0

4

≃M2.

Another interesting example where χ̃0
1 is Higgsino–like, χ̃0

2 is photino–like, and
all other charginos and neutralinos are mixtures, occurs for M1 = M2 ≃ |µ| ≃
MZ and tanβ ≃ 1:

M
χ̃±

1,2

=
1

2
|M2 + µ∓

√
(M2 − µ)2 + 4M2

W | (5)

M
χ̃0

1

= |µ|; M
χ̃0

2

= M1; M
χ̃0

3,4

=
1

2
|M2 + µ∓

√
(M2 − µ)2 + 4M2

Z |.

Since the SU(3)C symmetry of the SM is not broken, the gluinos have masses
determined by the SU(3)C gaugino mass parameter M3.

g The neutralinos and
the gluinos are Majorana particles, and do not distinguish between states and
their charged conjugate. Depending on their Higgsino or gaugino composition,
the χ̃ couplings to gauge bosons, and left– and right–handed sfermions will dif-
fer substantially, and the production and decay processes will strongly depend
on that composition (see the discussion below).

The mass eigenstates of squarks and sleptons are, in principle, mixtures of
their left– and right–handed components, given for the first generation by:

m2
ũL

≃ m2
Q1

+m2
u +DũL

m2
ũR

≃ m2
U1

+m2
u +DũR

m2
d̃L

≃ m2
Q1

+m2
d +Dd̃L

m2
d̃R

≃ m2
D1

+m2
d +Dd̃R

m2
ẽL

≃ m2
L1

+m2
e +DẽL

m2
ẽR

≃ m2
E1

+m2
e +DẽR

m2
ν̃e

≃ m2
L1

+Dν̃e
, (6)

where m2
Q1

, m2
L1

, m2
U1

, m2
D1

, and m2
E1

are soft SUSY–breaking parameters

and Df̃L
= M2

Z cos(2β)(T3f
− Qf sin2 θW ), Df̃R

= M2
Z cos(2β)Qf sin2 θW are

D–terms h associated with EWSB (T3f
is the weak isospin eigenvalue of the

fermion, Qf the electric charge). A similar expression holds for the second
(third) generation with the substitutions u → c(t), d → s(b), e → µ(τ), 1 →

gThe physical gluino mass is shifted from the value of the gluino mass parameter M3

because of radiative corrections. As a result, there is an indirect dependence on the squark
masses.

hD–terms are terms in the scalar potential which are quartic in the fields and are pro-
portional to the gauge couplings squared.
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2(3). In most high–energy models, the soft SUSY–breaking sfermion mass pa-
rameters are taken to be equal at the high–energy scale, but, in principle, they
can be different for each generation or even within a generation. However, the
sfermion flavor dependence can have important effects on low–energy observ-
ables, and it is often strongly constrained. The suppression of flavor changing
neutral currents (FCNC’s), such as KL → π◦νν̄, requires that either (i) the
squark soft–SUSY breaking mass matrix is diagonal and degenerate, or (ii)
the masses of the first– and second–generation sfermions are very large.66

The magnitude of left–right sfermion mixing is always proportional to
the mass of the corresponding fermion. The left–right mixing of squarks and
sleptons of the first and second generation is thus negligible, and Q̃L,R, with

Q̃ = ũ, d̃, c̃, s̃, and ℓ̃L,R, ν̃ℓ, with ℓ = e, µ, are the real mass eigenstates with
massesm

Q̃L,R
andmℓ̃L,R

,mν̃ℓ
, respectively. For the third generation sfermions,

the left–right mixing can be nontrivial. The mass matrix for the top squarks
(stops) in the (t̃L, t̃R) basis is given by

M2
t̃ =

(
m2

Q3
+m2

t +Dt̃L
mt(At − µ/ tanβ)

mt(At − µ/ tanβ) m2
U3

+m2
t +Dt̃R

)
, (7)

where At is a soft SUSY–breaking parameter.i Unless there is a cancellation
between At and µ/ tanβ, left–right mixing occurs for the stop squarks because
of the large top quark mass. The stop mass eigenstates are then given by

t̃1 = cos θt̃ t̃L + sin θt̃ t̃R

t̃2 = − sin θt̃ t̃L + cos θt̃ t̃R, (8)

where the masses and mixing angle θt̃ are fixed by diagonalizing the squared–
mass matrix Eq. (7). Because of the large mixing, the lightest stop t̃1 can be
one of the lightest sparticles. For the sbottom, an analogous formula for the
mass matrix holds with mU3

→ mD3
, At → Ab, Dt̃L,R

→ Db̃L,R
, mt → mb,

and tanβ → 1/ tanβ. For the stau, substitute mQ3
→ mL3

, mU3
→ mE3

,
At → Aτ , Dt̃L,R

→ Dτ̃L,R
, mt → mτ and tanβ → 1/tanβ. The parameters

At, Ab, and Aτ can be independent soft SUSY–breaking parameters, or they
might be related by some underlying principle. When mb tanβ or mτ tanβ is
large (O(mt)), left–right mixing can also become relevant for the sbottom and
stau. It will become clear below that Ab and Aτ do not contribute in a major
way to left–right mixing, since they do not have a tanβ enhancement.

iBeware also of different sign conventions for At. Both PYTHIA and ISAJET use the
convention used here.
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The Higgs boson spectrum at tree level can be expressed in terms of the
weak gauge boson masses, the CP–odd Higgs boson mass MA and tanβ: j

M2
h,H = 1/2

[
M2

A +M2
Z ∓

√
(M2

A +M2
Z)2 − 4M2

ZM
2
A cos2 2β

]

M2
H± = M2

A +M2
W . (9)

These relations yield Mh
<
∼ MZ , but this result is strongly modified by ra-

diative corrections that depend on other MSSM parameters.20 The dominant
radiative corrections to Mh grow as m4

t and are logarithmically dependent on
the third–generation squark masses. The heavy CP–even and charged Higgs
boson masses, MH and MH± , respectively, are directly controlled by MA. If
all SUSY particles were heavy, but MA were small, then the low–energy the-
ory would look like a two–Higgs–doublet model. For sufficiently large MA, the
heavy Higgs doublet decouples, and the effective low–energy theory has only
one light Higgs doublet with SM–like couplings to gauge bosons and fermions.

Within the MSSM, a general upper bound on Mh can be deter-
mined by a careful evaluation of the one–loop and dominant two–loop radiative
corrections.11 For mt = 175 GeV and an extremely conservative set of assump-
tions,k the upper bound on the lightest Higgs mass is maximized, yielding
Mh

<
∼ 130 GeV. For more moderate values of the MSSM parameters, the upper

bound on Mh becomes smaller. Most importantly, given the general upper
bound on Mh of about 130 GeV, the upgraded Tevatron has the potential to
provide a crucial test of the minimal supersymmetric extension of the SM.12,13

R–parity, defined as 21 R=(−1)2S+3B+L, is a discrete multiplicative sym-
metry where S is the particle spin, B is the baryon number, and L is the lep-
ton number. All SM particles have R=1, while all superpartners have R=−1,
so a single SUSY particle cannot decay into just SM particles if R–parity is
conserved. In this case, the lightest superpartner (LSP) is absolutely stable.
Astrophysical considerations imply that a stable LSP should be color– and
charge–neutral. The best candidates, then, are the lightest neutralino χ̃0

1 and

the sneutrino ν̃, or alternatively (see below) the gravitino G̃. Since the LSP can
carry away energy without interacting in a detector, the apparent violation of
momentum conservation is an important part of SUSY phenomenology.21 Also,
when R–parity is conserved, superpartners must be produced in pairs from a
SM initial state. The breaking of the R–parity symmetry would result in lepton

jIn the MSSM, MA is related to the values of the Higgs soft SUSY–breaking parameters
mH1

and mH2
and the Higgsino mass parameter µ through M2

A = m2
H1

+ m2
H2

+ 2µ2.
kTo produce this bound, the masses of all SUSY particles and MA are chosen to be around

a TeV, tan β > 20, and the stop mixing parameters are varied to give the largest possible
effect.
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and/or baryon number violating processes. While there are strong experimen-
tal constraints on some classes of R–parity violating interactions, others are
hardly constrained at all. Unless it is explicitly stated otherwise, R–parity
conservation is assumed below.

Quite generally, the dependence of the SUSY spectrum on tanβ can be
very strong, and it is necessary to determine the possible range of values for
this essential parameter of the theory. The fermion masses, which are not
fixed by SUSY, are a function of tanβ and the SM Yukawa couplings. For the
up– and down–quark and lepton masses, it follows that mu = huv sinβ, md =
hdv cosβ, and mℓ = hℓv cosβ, where hf=u,d,ℓ is the corresponding Yukawa
coupling and v= 174 GeV is the order parameter of EWSB. Equivalently,
mu = huv2,md = hdv1 and mℓ = hℓv1, where v2 = v sinβ and v1 = v cosβ.
The value of tanβ and the Yukawa couplings can vary in a range consistent
with the experimental values of the fermion masses. However, for the theory
to remain perturbatively well defined up to a given cutoff scale, the Yukawa
couplings should remain finite up to this cutoff scale. Whether this is the
case can be determined by studying the renormalization group evolution of
each Yukawa coupling from low to high energy scales. In particular, the large
value of the top quark mass is associated with a large value of the top Yukawa
coupling at low energies, which, depending on tanβ, may become too large
to be compatible with a perturbative description of the theory.22,23,17,24 The
measured value of the top quark mass, mt ≃ 175 GeV, defines a lower bound
on tanβ of about 1.2, provided that the top Yukawa coupling remains finite
up to a scale of the order of 1016 GeV. If, instead, the top Yukawa coupling
should remain finite only up to scales of order of a TeV, values of tanβ as low
as .5 are still possible.l A similar situation occurs when tanβ is large, but now
the crucial role is played by the bottom Yukawa coupling. If tanβ becomes
too large, large values of the bottom Yukawa coupling are necessary to obtain
values of the bottom mass compatible with experiment. The exact bound on
tanβ depends on the SUSY spectrum, since there are radiative corrections
to the bottom mass coming from sparticle exchange loops.25,26 Generically, it
can be shown that values of tanβ ≥ 60 are difficult to obtain if the MSSM is
expected to remain a valid theory up to scales of order 1016 GeV.

2.2 Supergravity

At present, the exact mechanism of SUSY breaking is unknown. Supergravity
(SUGRA) models assume the existence of extra superfields (the so–called “hid-

lThis implies that a perturbative description of the MSSM would only be valid up to the
weak scale, which is, of course, not a very interesting possibility.
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den sector”) which couple to the MSSM particles only through gravitational–
like interactions. When SUSY is spontaneously or dynamically broken in the
hidden sector, some of the components of the hidden sector acquire vacuum
expectation values. Interaction terms between those components of the hidden
sector and the MSSM superfields give rise to the effective soft SUSY–breaking
terms of the MSSM, which are proportional vacuum expectation values of the
hidden sector divided by powers of MPlanck. The low–energy Lagrangian then
looks like a SUSY–conserving MSSM with a number of extra terms that break
SUSY. Although low–energy gravitational interactions depend only on mass
and spin, the general supergravity Lagrangian may contain higher–dimensional
interactions between the hidden sector and MSSM superfields that are flavor
dependent.

The number of SUSY breaking terms is over one hundred. In the min-
imal SUGRA scenario, however, the MSSM sparticles couple universally to
the hidden sector, and the number of terms is greatly reduced. Using this
guiding principle, at a scale of order MPlanck (or, approximately, MGUT , the
scale where the gauge couplings unify), all scalars (Higgs bosons, sleptons, and
squarks) are assumed to have a common squared–massm2

0, all gauginos (Bino,
Wino, and gluino) have a common mass m1/2, and all trilinear couplings have
the value A0. After specifying tanβ, all that remains is to relate the values
of the soft SUSY–breaking parameters specified at MGUT to their values at
MEW . This is accomplished using renormalization group equations (RGE’s).
The physical sparticle masses are then determined using relations like Eq. (6),
or by diagonalizing mass matrices like those in Eqs. (2) and (7). Finally,
the Higgsino mass parameter is determined (up to a sign) by demanding the
correct radiative EWSB. At the tree level, this requires

tan2 β =
µ2 +m2

H1
+M2

Z/2

µ2 +m2
H2

+M2
Z/2

, (10)

where mH1
and mH2

are soft SUSY–breaking mass parameters for the two
Higgs doublets evaluated at MEW .

Not surprisingly, the masses of the gluinos, charginos and neutralinos are
strongly correlated. The gaugino mass parameters Mi at the electroweak scale
depend mainly on the running of the gauge couplings between MGUT and
MEW :

M3 =
α3(M3)

αGUT
m1/2 ≃ 2.6m1/2

M2 =
α2(M2)

αGUT
m1/2 ≃ 0.8m1/2

10



M1 =
α1(M1)

αGUT
m1/2 ≃ 0.4m1/2, (11)

(where we consider m1/2 ∼ MEW ). As will be shown below, once the RGE
evolution of the Higgs mass parameters is included in Eq. (10), it follows that
the Higgsino mass term µ tends to be larger than the Bino and Wino masses
M1,M2, becoming the largest for values of tanβ closest to 1. As a result,
the lightest two neutralinos and the lightest chargino tend to be gaugino–like.
This is similar to the example presented in Eq. (3) with the approximate mass
hierarchy:

M
χ̃0

2

≃ 2M
χ̃0

1

≃M
χ̃±

1

≃ 1/3Mg̃. (12)

The lightest neutralino χ̃0
1 can be the LSP.

Because sleptons have only EW quantum numbers and the lepton Yukawa
couplings are small, the slepton mass parameters do not evolve much from
MGUT to MEW . The left– and right–handed soft SUSY–breaking parameters
at the scale MEW which determine the mass eigenstates through Eq. (6) are
given by

m2
L1,2

≃ m2
L3

≃ m2
0 + 0.5m2

1/2; m2
E1,2

≃ m2
E3

≃ m2
0 + 0.15m2

1/2. (13)

For tanβ ≥ 40, the third generation mass parameters also receive non–negligible
contributions from the τ Yukawa coupling in their running which can modify
these expressions. The different coefficients of m1/2 in Eq. (13) arise from the
different EW quantum numbers for sleptons in SU(2)L doublets and singlets.
If m0 and m1/2 are of the same order of magnitude, physical slepton masses
are dominated by m0. When m0 is small, the sneutrino can be the LSP instead
of the χ̃0

1. The ν̃ mass is fixed by a sum rule m2
ν̃ℓ

= m2
ℓ̃L

+M2
W cos 2β.

The squark mass parameters evolve mainly through the strong coupling to
the gluino, so their dependence on the common gaugino mass is stronger than
for sleptons. For the first and second generation, the left– and right–handed
soft SUSY–breaking parameters at MEW are given approximately by

m2
Q1,2

≃ m2
0 + 6.3m2

1/2; m2
U1,2

≃ m2
D1,2

≃ m2
0 + 5.8m2

1/2. (14)

In general, the squarks are heavier than the sleptons or the lightest neutralino
and chargino. Since first and second generation squark soft SUSY–breaking
parameters are the same for squarks with the same quantum numbers, FCNC’s
are suppressed.

For the third–generation squarks, the large top and bottom Yukawa cou-
plings play a crucial role in the RGE evolution. As mentioned generically in
section 2.1, the top Yukawa coupling ht is related to the top quark mass by
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mt = (246/
√

2)ht sinβ GeV and the bottom Yukawa coupling hb is given by
mb = (246/

√
2)hb cosβ GeV, so that hb is large (of order ht) when tanβ is

about 40 or larger. When ht at MGUT is sufficiently large, it turns out that
its low–energy value is independent of its exact value at MGUT . This behavior
is known as the infrared fixed point solution of the top quark mass.22,23,24,27

With the definition Yt ≡ h2
t /(4π), the infrared fixed point value of Yt at the

scale mt is Y ir
t ≃ 8α3/9. Within the one–loop approximation, the effects of

the top Yukawa coupling on the RGE evolution can be parameterized in terms
of the ratio Yt/Y

ir
t . For small and moderate values of tanβ, the left– and

right–handed soft SUSY–breaking parameters which determine the stop and
sbottom masses are then given by28,29,30

m2
Q3

≃ m2
0

(
1 − 1

2

Yt

Y ir
t

)
+m2

1/2

(
6.3 +

Yt

Y ir
t

(
−7

3
+

Yt

Y ir
t

))

m2
U3

≃ m2
0

(
1 − Yt

Y ir
t

)
+m2

1/2

(
5.8 +

Yt

Y ir
t

(
−14

3
+ 2

Yt

Y ir
t

))
, (15)

and mD3
≃ mD1,2

. For large tanβ, assuming t−b Yukawa coupling unification
at high energies (Yb = Yt at MGUT , which is a generic prediction of SO(10)
GUT models), the expressions for the third generation soft SUSY–breaking
parameters are:26

m2
Q3

≃ m2
0

(
1 − 6

7

Yt

Y ir
t

)
+m2

1/2

(
6.3 +

Yt

Y ir
t

(
−4 +

12

7

Yt

Y ir
t

))

m2
U3

≃ m2
D3

≃ m2
0

(
1 − 6

7

Yt

Y ir
t

)
+m2

1/2

(
5.8 − Yt

Y ir
t

(
−4 +

12

7

Yt

Y ir
t

))
. (16)

Contributions proportional to A2
0 and A0m1/2 with a prefactor proportional

to (1 − Yt/Y
ir
t ) are also present in Eqs. (15) and (16). For mt ≃ 175 GeV,

the value of the ratio Yt/Y
ir
t varies from 3/4 to 1 depending on tanβ, with

Yt/Y
ir
t → 1 as tanβ → 1, and Yt/Y

ir
t ≃ 0.85 for tanβ = 40. The value of At

is governed by m1/2, and, for large values of the top Yukawa coupling, depends
weakly on its initial value and tanβ,28

At ≃
(

1 − Yt

Y ir
t

)
A0 − 2m1/2. (17)

The exact values of Ab and Aτ are not important, since the mixing in the stau
and sbottom sectors is governed by the termsmbµ tanβ and mτµ tanβ, respec-
tively. In SUGRA models, the above relations between the mass parameters
leads to the general prediction, m

Q̃
≥ 0.85Mg̃ (for the five lightest squarks and

small or moderate tanβ).
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The soft–SUSY breaking parameters in the Higgs sector also have simple
expressions. For small and moderate tanβ, 28,29,30

m2
H1

≃ m2
0 + 0.5m2

1/2

m2
H2

≃ m2
0

(
1 − 3

2

Yt

Y ir
t

)
+m2

1/2

(
0.5 +

Yt

Y ir
t

(
−7 + 3

Yt

Y ir
t

))
. (18)

Substituting these relations back into Eq. (10) yields the result:

µ2 +M2
Z/2 = m2

0

(
1 +

(
3

2

Yt

Y ir
t

− 1

)
tan2 β

)
1

tan2 β − 1
+

m2
1/2

(
0.5 −

(
0.5 +

Yt

Y ir
t

(
−7 + 3

Yt

Y ir
t

))
tan2 β

)
1

tan2 β − 1
. (19)

Note in Eq. (18) that m2
H2

< 0, which is usually a sufficient condition to induce
EWSB. For large tanβ, the Higgs mass parameters are more complicated. In
the limit of t− b Yukawa unification, they simplify to26

m2
H1

≃ m2
H2

≃ m2
0

(
1 − 9

7

Yt

Y ir
t

)
+m2

1/2

(
0.5 +

Yt

Y ir
t

(
−6 +

18

7

Yt

Y ir
t

))
, (20)

and Eq. (19) must be modified accordingly. All of these relations are only
approximate: the coefficients of m1/2 depend on the exact values of αs and the
scale of the sparticle masses; the coefficients of m0 and A0 depend mainly on
tanβ.

The SUGRA model presented here is minimal (mSUGRA) in the sense that
it is defined in terms of only five parameters at a high scale: m0, m1/2, A0,
tanβ, and the sign of µ. It is natural to question exact universality of the soft
SUSY–breaking parameters.31 For example, in a SU(5) SUSY GUT model, the
left–handed sleptons and right–handed down–type squarks reside in the same

5–multiplet of SU(5), and naturally have the common mass parameter m
(5)
0

at the GUT scale. Similarly, ũL, d̃L, ũR, and ẽR, which reside in the same

10–multiplet, have a common mass m
(10)
0 . The two Higgs bosons doublets

reside in different 5– and 5̄–multiplets, with masses m
(5′)
0 and m

(5̄′)
0 . There is

no symmetry principle that demands that all these mass parameters should
be the same. The most naive breakdown of exact universality is to consider

different values form
(5′)
0 and m

(5̄′)
0 , takingm0 as the common mass for sleptons

and squarks.
Depending on the exact mechanism of SUSY breaking, it may occur that

m1/2 ≃ 0. Low–energy gaugino masses are then dominated by contributions of
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stop–top and Higgs–Higgsino loops.32 In this case the gluino could be the LSP
with a mass of Mg̃

<
∼ a few GeV and the lightest neutralino may be somewhat

heavier due to contributions from electroweak loops.33 Light gluino scenarios
are being explored by many experiments.34

2.3 Gauge–Mediated Supersymmetry Breaking

In SUGRA, gravitational interactions generate the soft SUSY–breaking terms
in the MSSM Lagrangian. Alternatively, soft SUSY–breaking terms can be
generated through gauge interactions. This has the feature that mass degen-
eracies between sfermions with the same quantum numbers (and, hence, the
same gauge couplings) occur naturally, which suppresses FCNC’s. Also, in
gauge–mediated models, the scale of the SUSY breaking is much smaller than
the scale where gravity becomes relevant, so there is no possibility of Planck–
scale corrections to these degeneracies (as there can be between the GUT and
Planck scales in SUGRA).35 In simple models,36 the existence of heavy messen-
ger superfields ψ with SM quantum numbers is postulated. SUSY is broken
in a hidden sector which also couples to the messengers, so that the ψ fermion
components have massM , while the scalar components have massesM

√
1 ± x,

where x is a dimensionless parameter that controls the size of SUSY breaking.
The MSSM gauginos and sfermions acquire masses different from their SM
partners because of the radiative effects generated by the messenger fields. It
is more convenient to define Λ ≡ xM , which fixes Λ as the overall mass scale
of the MSSM sparticles. The gaugino masses at a low energy scale µ are

Mi(µ) =
αi(µ)

4π
g(x)(bi − b′i)Λ, (21)

where i specifies the gauge group, bi is the MSSM coefficient of the beta func-
tion for the running of αi, b

′
i includes the additional effect of the messenger

fields in the running, and g(x) ≃ 1 + x2/6. The mass–squared of the MSSM
scalars acquire values

m2
i (µ) = 2Λ2

∑

i

(
αi(M)

4π

)2

Ci [f(x)(bi − b′i)+

g(x)2
(
(bi − b′i)

2/bi
) (
α2

i (µ)/α2
i (M) − 1

)]
, (22)

where C1 = 5/3Y 2, C2 = 3/4, and C3 = 4/3 (Y is the weak hypercharge) and
f(x) ≃ 1 + x2/36. The mass formula in Eq. (22) ignores Yukawa couplings,
and will be modified for the stop and possibly sbottom and stau. By compar-
ing the previous two equations, it is clear that the gaugino and scalar masses
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are roughly of the same order of magnitude. Even after evolving these mass
parameters to MEW (ignoring the effects of Yukawa couplings), sfermions with
the same quantum numbers acquire the same masses, yielding a natural mass
hierarchy between weakly and strongly interacting sfermions; the mass hierar-
chy of the gauginos is fixed by the gauge couplings (as in SUGRA models). If
the superfields ψ reside in a complete representation of SU(5) or SO(10), then
unification of the gauge couplings at a high scale is not compromised, though
the unification will occur at stronger values of the couplings and at a slightly
different scale from the naive GUT scale. One distinctive feature of these mod-
els is that the spin–3/2 superpartner of the graviton, the gravitino G̃, can play
a crucial role in the phenomenology. Since the gravitino mass is given by the
relation M

G̃
= MΛ/MPlanck, the gravitino can be very light depending on the

value of M , unlike SUGRA, where the gravitino has a mass on the order of
MW . As a result, in gauge–mediated Supersymmetry breaking, the gravitino
can be the LSP.

In the above discussion, it is assumed that the messengers ψ form a com-
plete GUT multiplet. However, if the messengers were neutral under some
gauge group, then the associated gauginos would be massless at one–loop be-
cause of gauge invariance. In particular, it is possible to construct a model
where the gluino is a stable LSP with a mass of a few tens of GeV.37 In this
case, the missing energy signal for SUSY disappears, since a stable LSP gluino
will form stable hadrons.

2.4 R–Parity Violation

One simple extension of the MSSM is to break the multiplicative R–parity
symmetry. Presently, neither experiment nor any theoretical argument demand
R–parity conservation, so it is natural to consider the most general case of R–
parity breaking. It is convenient to introduce a function of superfields called the
superpotential, from which the Feynman rules for R–parity violating processes
can be derived. The R–parity violating (RPV) terms which can contribute to
the superpotential are m

WRPV = λijkL
iLjĒk + λ

′

ijkL
iQjD̄k + λ

′′

ijkŪ
iD̄jD̄k (23)

where i, j, k are generation indices (1,2,3), Li
1 ≡ νi

L, Li
2 = ℓiL and Qi

1 = ui
L,

Qi
2 = di

L are lepton and quark components of SU(2)L doublet superfields, and
Ei = ei

R, Di = di
R and U i = ui

R are lepton, down and up– quark SU(2)L

singlet superfields, respectively. The unwritten SU(2)L and SU(3)C indices

mIn Eq. (23) bilinear terms are ignored. A discussion of the phenomenological implications
of such terms can be found in the literature.38
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imply that the first term is antisymmetric under i ↔ j, and the third term
is antisymmetric under j ↔ k. Therefore, i 6= j in LiLjĒk and j 6= k in
Ū iD̄jD̄k. The coefficients λijk , λ

′

ijk and λ
′′

ijk are Yukawa couplings, and there
is no a priori generic prediction for their values. In principle, WRPV contains
45 extra parameters over the R–parity–conserving MSSM case.

Expanding Eq. (23) as a function of the superfield components, the inter-
action Lagrangian derived from the first term is

LLLE = λijk

{
ν̃i

Le
j
Lē

k
R + ẽi

Lν
j
Lē

k
R + (ẽk

R)∗νi
Le

j
L + h.c.

}
(24)

and from the second term,

LLQD = λ
′

ijk

{
ν̃i

Ld
j
Ld̄

k
R − ẽi

Lu
j
Ld̄

k
R + d̃j

Lν
i
Ld̄

k
R − ũj

Le
i
Ld̄

k
R+

(d̃k
R)∗νi

Ld
j
L − (d̃k

R)∗ei
Lu

j
L + h.c.

}
(25)

Both of these sets of interactions violate lepton number. The ŪD̄D̄ term,
instead, violates baryon number. In principle, all types of R–parity violating
terms may co–exist, but this can lead to a proton with a lifetime shorter than
the present experimental limits. The simplest way to avoid this is to allow
only operators which conserve baryon–number but violate lepton–number or
vice versa.

There are several effects on the SUSY phenomenology due to these new
couplings: (1) lepton or baryon number violating processes are allowed, includ-
ing the production of single sparticles (instead of pair production), (2) the LSP
is no longer stable, but can decay to SM particles within a collider detector,
and (3) because it is unstable, the LSP need not be the neutralino or sneutrino,
but can be charged or colored.

Present data are in remarkable agreement with the SM predictions, and
very strong bounds on the R–parity–breaking operators can be derived from the
following processes: (a) charged–current universality, (b) Γ(τ → eνν̄)/Γ(τ →
µνν̄), (c) the bound on the mass of νe, (d) neutrino–less double–beta decay,
(e) atomic parity violation, (f) D0 − D̄0 mixing, (g) Rℓ = Γhad(Z

0)/Γℓ(Z
0),

(h) Γ(π → eν̄)/Γ(π → µν̄), (i) BR(D+ → K̄0∗µ+νµ)/BR(D+ → K̄0∗e+νµ),
(j) νµ deep–inelastic scattering, (k) BR(τ → πντ ), (l) heavy nucleon decay,
and (m) n− n̄ oscillations. Additional limits can be derived from deep inelastic
experiments at HERA.39 On the other hand, within the allowed values of the
R–parity–violating couplings, λijk, λ

′
ijk , a whole new world opens up for SUSY

searches.

16



2.5 Run Ia Parameter Sets (RIPS)

Some CDF and DØ SUSY searches are analyzed in the framework of so–called
“SUGRA–inspired models.” To understand the limits that appear in many
published analyses, it is necessary to state explicitly the framework behind
RIPS.

First, there are five main input parameters: Mg̃,mQ̃
,MA, tanβ and the

magnitude and sign of µ. The gluino mass Mg̃ is defined to be M3, which
is equivalent to specifying m1/2 and, hence, M1 and M2 using the unification
relations Eq. (11). The chargino and neutralino properties are then fixed by
M1,M2, tanβ and µ. In practice, the value of µ is set much larger than M1

and M2, so the properties of the neutralinos, charginos, and gluino are similar
to those in a pure SUGRA model.

Next, all squark soft SUSY–breaking mass parameters are set to m
Q̃

, and

the D–terms are neglected. The result is that the first 5 squarks are degenerate
in mass. This may be unrealistic if tanβ is large, since the sbottom mass
can be naturally lighter because of non–negligible off–diagonal elements in the
sbottom mass matrix. The stop squarks are made heavier than the other
squarks by fixing At = µ/ tanβ (see Eq. (7)), which tunes away the mixing

between t̃L and t̃R. The resulting stop masses are mt̃1 = mt̃2 =
√
m2

Q̃
+m2

t .

Therefore, experimental limits placed on RIPS show no sensitivity to the stop
squarks. Note that, in SUGRA models, the stop squared–mass soft SUSY–
breaking parameters m2

Q3
and m2

U3
are generally not equal and are smaller

than the other squark parameters at MEW , so that one stop squark is lighter
than the other squarks.

Giving the other five squarks a common value at the weak scale ignores
the details of running from the GUT scale (see Eq. (14)) and the different D–
terms. However, using an average of the two formulae in Eq. (14), a specific
m1/2 and m

Q̃
roughly determine a value of m2

0. Whenever there is a solution

with m2
0 > 0 (which implies m

Q̃
> 0.85Mg̃), RIPS has many features of a

SUGRA model. Indeed, when m
Q̃
> Mg̃, the approximate SUGRA relations

m2
ℓ̃L

= m2

Q̃
− 0.73M2

g̃ − 0.27M2
Z cos 2β, m2

ℓ̃R
= m2

Q̃
− 0.78M2

g̃ + 0.23M2
Z cos 2β,

and m2
ν̃ = m2

Q̃
− 0.73M2

g̃ + 0.5M2
Z cos 2β are used to fix the slepton masses.n

The region m
Q̃
< Mg̃ is very hard to realize in SUGRA models, but is also

worth investigating. In this case, for some analyses, a constant value of 350

nObserve that the D–terms for the sleptons, although correct, are negligible in comparison
with the approximation made in defining a common m

Q̃
. However, D–terms are included

to assure the correct splittings between the ℓ̃L and ν̃ masses.
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GeV is set by hand for mℓ̃L
, mℓ̃R

, and mν̃ . Accordingly, experimental limits
placed on RIPS when m

Q̃
< Mg̃ show little sensitivity to the sleptons.

Finally, the Higgs mass MA is used to determine the Higgs boson sector.
This is equivalent to considering partial non–universality for the scalar sfermion
and Higgs boson soft SUSY–breaking mass parameters at high energies, i.e.

m0 6= m
(5′)
0 6= m

(5̄′)
0 (see the discussion near the end of Sec. 2.2). In practice,

the CP–odd Higgs boson mass MA is set to a large value, so that the lightest
neutral Higgs boson h has SM–like couplings to gauge bosons and fermions,
and all other Higgs bosons are so heavy they are not kinematically accessible
at the Tevatron.

3 The CDF and DØ Detectors

The CDF 41 and DØ 42 detectors are located at the interaction regions B0 and
D0 in the accelerator ring.a Both detectors feature particle tracking detectors
close to the interaction region, surrounded by quasi–hermetic calorimetry cov-
ering the region of pseudorapidityb of approximately |η| < 4. Muon detection
systems are located outside the calorimeters for both detectors.

3.1 The CDF Detector

The CDF detector is distinguished by its magnetic spectrometer: a 3–m di-
ameter, 5–m long superconducting solenoidal magnet, which creates a 1.4 T
field uniform at the 0.1% level and contains the particle tracking detectors. A
four–layer silicon microstrip vertex detector (SVX),43 located directly outside
the beampipe, tracks charged particles in the r− φ plane. The SVX measures
the impact parameter of tracks coming from secondary vertices of bottom and
charm decays with a typical resolution of 30 µm, providing heavy–flavor tag-
ging for jets. A set of vertex time projection chambers (VTX) surrounding the
SVX provides tracking in the radial and z directions and is used to find the z
position of the pp interaction. Outside the VTX, between from a radius of 30
to 150 cm, the 3.2–m long central tracking chamber (CTC) is used to measure
the momentum of charged particles, with up to 84 measurements per track.

The calorimeter is divided into a central barrel (|η| < 1.1), end–plugs c

(1.1 < |η| < 2.4) and forward/backward modules (2.4 < |η| < 4.2). Each of

aThe Tevatron ring has six–fold symmetry, with the centers of the straight sections la-
belled as A0, B0, C0, D0, E0, and F0.

bThe pseudorapidity η is defined as − ln(tan θ
2
). In the CDF and DØ coordinate systems,

θ and φ are the polar and azimuthal angles, respectively, with respect to the proton beam
direction z.

c“End–plugs” because they plug into the ends of the solenoid and central calorimeter.
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these is segmented into projective d electromagnetic and hadronic towers sub-
tending 0.1 in η by 15◦ in φ in the central calorimeter and 5◦ elsewhere.
Wire chambers with cathode strip readout give information on electromagnetic
shower profiles in the central and plug calorimeters (CES and PES systems,
respectively). A system of drift chambers (CPR) outside the magnet coil and
in front of the electromagnetic calorimeters serves as a “preradiator,” allowing
additional photon/π0 discrimination on a statistical basis. Muons are identi-
fied with the central muon chambers, situated outside the calorimeters in the
region |η| < 1.1.

The magnetic spectrometer measures muon and other charged particle
transverse momenta with a resolution σpT

/pT < 0.001pT (pT in GeV) and al-
lows a precision calibration of the electromagnetic calorimeters by comparing
the measured calorimeter response to the measured momentum from high–
energy electrons from W decays.45 Electron energies are measured with a reso-
lution σE/E = .135/

√
ET ⊕ .01 (ET in GeV).e Jets are reconstructed as energy

clusters in the calorimeter, using a cone algorithm 44 with a cone radius of
either R = 0.7 46 or R = 0.4 47 in ∆η×∆φ space. The jet energy resolution in
the central region is approximately σE/E = .80/

√
E ⊕ .04 (E in GeV).

Missing transverse energy,f (E/T ), a key quantity in SUSY searches, is

calculated as
∑
Etower (n̂ · r̂) r̂, where the sum is over both electromagnetic

and hadronic calorimeter towers g in |η| < 3.6, Etower is the energy measured
in the tower, n̂ is the unit vector pointing in the direction of the center of the
tower from the event vertex, and r̂ is the unit vector in the radial direction.
The E/T is always corrected for the momentum of muons; for many SUSY
analyses, it is also corrected for the calorimeter response to jets. The typical
resolution on a component of E/T is 5.7 GeV in Z0 → e+e− events.

3.2 The DØ Detector

The DØ detector consists of three major components: a non–magnetic central
tracking system, central and forward Liquid Argon sampling calorimeters, and
a toroidal muon spectrometer. The central tracking system consists of four
detector subsystems: a vertex drift chamber, a transition radiation detector,
a central drift chamber, and two forward drift chambers. Its outer radius is

dProjective means pointing approximately at the interaction region.
eThe symbol ⊕ denotes addition in quadrature, e.g. a⊕ b =

√
a2 + b2. The total resolu-

tion can be parameterized this way when there are two or more independent components of
resolution.

f The transverse momentum of a particle with momentum p is pT = p sin θ. The analogous
quantity using energy, defined as ET = E sin θ, is called transverse energy.

gA tower is a cell in η − φ space.
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76 cm. The system provides identification of charged tracks in the pseudora-
pidity range |η| ≤ 3.5. It measures the trajectories of charged particles with a
resolution of 2.5 mrad in φ and 28 mrad in θ. Using the reconstructed charged
tracks, the position of the primary interaction along the beamline direction
is reconstructed with a resolution of 8 mm. The central tracking system also
measures the ionization of tracks to allow single charged particles to be dis-
tinguished from e+e− pairs from photon conversion. The transition radiation
detector aids in distinguishing electrons from charged pions.

The calorimeter is transversely segmented into pseudoprojective towers
with ∆η × ∆φ = 0.1 × 0.1 and provides full coverage to |η| ≤ 4.2. The
calorimeter is divided into three parts, a central calorimeter and two end
calorimeters. These are further segmented into an inner electromagnetic sec-
tion, followed by a fine hadronic section, and then a coarse hadronic section.
Between the central and end–cap calorimeters, a set of scintillator tiles pro-
vides improved energy resolution for jets that straddle the two detectors. The
electromagnetic (EM) calorimeter is divided into 32 modules in φ, each of
which has 22 layers, each approximately 1 radiation length h thick, with Liq-
uid Argon as the active element and 238U plates as the passive element. These
layers are arranged into four longitudinal segments per tower, called cells.
The first cell contains 2 layers, the second cell contains 2 more layers, the
third cell is finely segmented, with ∆η × ∆φ = 0.05 x 0.05 and contains
7 layers, and the last cell contains 10 layers. The fine hadronic calorime-
ter uses a Uranium–Niobium alloy as its passive element, and the coarse
hadronic uses copper. The electron energy resolutions, as measured in the
EM calorimeter, are σE/E = 0.130/

√
ET ⊕ 0.0115 ⊕ 0.4/E for |η| < 1.1, and

σE/E = 0.157/
√
E ⊕ 0.010 ⊕ 0.4/E for 1.4 ≤ |η| ≤ 3.0.48 The azimuthal po-

sition resolution for electrons above 50 GeV as measured by the calorimeter
is 2.5 mm. The muon spectrometer provides muon detection in the range
|η| ≤ 3.3. The total thickness of the calorimeter plus the toroid varies from 13
to 19 interaction lengths, making hadronic punch–through backgrounds negli-
gible. The muon momentum resolution is σp/p = 0.18(p− p0)/p ⊕ 0.008p (p
in GeV/c, p0 = 2 GeV/c). The DØ detector has a compact tracking volume
which helps control backgrounds to prompt muons from in–flight decays of π
and K mesons. Jets are reconstructed as energy clusters in the calorimeter,
using a cone algorithm with a cone radius of R = 0.5 or R = 0.7 in ∆η×∆φ.49

The jet energy resolution is approximately σE/E = 0.8/
√
E (E in GeV).50

E/T is calculated using the vector sum of energy deposited in all calorimeter
cells, over the full calorimeter coverage for |η| ≤ 4.2, with corrections applied

hThe radiation length is the mean distance traversed by an electron in a given material
during which it radiates a fraction 1 − e−1 of its energy via bremsstrahlung.
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to clustered cells to take account of the jet energy scale, and to unclustered
cells as determined from studies of ET balance in Z0 → e+e− events that do
not contain hadronic calorimeter clusters. The resolution on a component of
E/T in “minimum–bias” events i is 1.1 GeV+ 0.02

∑
ET , where

∑
ET is the

scalar sum of transverse energies in all calorimeter cells. For some analyses,
the E/T is corrected for the presence of muons, which only leave a small fraction
of their energy in the calorimeter.

3.3 Experimental Realities

There are potentially two types of backgrounds to any experimental signature,
physics and instrumental. Physics backgrounds mimic the event signature
even in an ideal detector, while instrumental backgrounds arise because of
detector flaws. Experimental signatures – SUSY or otherwise – are identified
from “objects” – the building blocks of the event. Examples of objects that
CDF and/or DØ use are electrons, muons, tau’s, E/T , so–called “generic jets”
(presumably from quarks and/or gluons, but without flavor identification), c’s,
b’s, photons, and, using another level of kinematic reconstruction, W ’s, Z’s,
and t’s. The selection of each of these objects carries with it an efficiency and
also a “fake rate,” a probability that the object is actually a different object
which has been misidentified. The description of an object as an “electron,” for
example, more precisely means an “electron candidate that passes the electron
cuts,” and no more and no less.

For the majority of searches, the signal and its physics backgrounds can
be estimated using Monte Carlo simulation. The output of an event generator
such as ISAJET51 or PYTHIA52 can be folded with relatively simple parameteri-
zations of the detector response to give a good description of the data. A typical
simple simulation transforms the final state partons from a Monte Carlo into
jets, using a clustering algorithm similar to the one used for the data. It then
convolutes the momenta of the electrons, photons, muons, and jets with the
appropriate experimental resolutions, generating “smeared” momenta. E/T is
calculated by first summing the smeared visible momenta, and then adding the
effects of additional minimum–bias events in the same beam crossing. When
calculating the geometric acceptance of the detector, it is necessary to include
the distribution for the interaction vertex position in z, which is Gaussian with
an RMS of approximately 30 cm. Finally, the detection efficiencies for elec-
trons, photons, b–quarks, τ ’s, and muons (jets above 20 GeV are usually found

iThese events are defined by the requirement that a beam–beam collision took place as
measured by arrays of scintillation counters forward and backward near the beampipe, and
therefore have a smaller selection bias than events selected with more selective triggers.
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with good efficiency) are applied. Initial and final state gluon radiation need
to be included, since they can affect the efficiency by adding extra jets which
can modify the event signature or “promote” backgrounds into the signature.

In order to make even rough predictions of instrumental backgrounds, im-
perfections in the detectors must be taken into account. Two effects make these
difficult to estimate: fakes, and tails on jet energy resolution distributions. Be-
cause of the very large multi–jet production rate at the Tevatron, there can be
significant fake backgrounds, even if the fake probability is very small. Fakes
are very complicated, and the fake rate must be evaluated for each analysis
using the appropriate data. In general, the efficiency for properly identifying
an object and the probability that another object fakes it are complementary.
For signatures dominated by instrumental backgrounds, tighter selection crite-
ria (“cuts”) make for a purer sample, but reduce the efficiency. For signatures
dominated by physics backgrounds, looser cuts are preferred because they pro-
duce a higher efficiency for the same ratio of signal to background. Fakes are
an especially serious problem for signatures involving photons, tau’s, b– and c–
quark tagging, and E/T in events with jets. Although jet energy resolutions are
roughly Gaussian, even small non–Gaussian tails, convoluted with the large jet
cross section, can lead to significant numbers of events with large fake E/T . In
addition, there are some other factors which contribute to fakes and which are
unique to working at the Tevatron, such as the long interaction region, the ex-
istence of multiple collisions in a single event, the presence of the Main Ring in
the same tunnel as the beam, and larger cosmic ray backgrounds than found at
detectors that are deeper underground (such as the LEP experiments). Even a
full detector simulation cannot correctly model all detector imperfections and
these other effects.

4 The Present Status of Sparticle Searches

Most previous Tevatron searches have been made under very specific assump-
tions. Several of the classic signatures, such as “jets+E/T ,”53 “trileptons,”54,56

and “same–sign dileptons”55 are likely to be fruitful in many models; others
may be specific to a certain model. We advocate a signature–based approach,
in which a broad range of channels are studied for departures from SM ex-
pectations, without engineering the analysis for a specific class of models (see
Appendices A and B). While this may sound obvious, it is a large task with no
well–defined beginning. With the experience of several years of data taking,
however, experimentalists now have an idea of what they can do well. Sig-
natures involving high–pT isolated electrons, muons, and photons, b–quarks,
c–quarks, τ leptons, and/or E/T can be measured accurately and have under-
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standable backgrounds. Such signatures then are a practical starting point
for the new generation of searches. In addition, there are motivations that
are more general than the predictions of specific models for studying samples
of (i) high–mass, high–E/T events to probe gluino and squark production, (ii)
inclusive leptons, lepton pairs, and gauge bosons (γ, W , and Z) to probe both
direct and cascade production of charginos and neutralinos, and (iii) third–
generation fermions (t, b, and τ) to probe decays of light squarks and sleptons,
as well as decays of Higgs bosons and Higgsinos. When setting limits, it is
convenient to use specific models which reduce the number of free parameters
(such as SUGRA or RIPS), but the quoted limits are valid only in that context
and are not general limits. New physics may appear where we do not expect
it.

In the sections below we discuss the present status of searches at the Teva-
tron. We also discuss the phenomenology behind these searches and comment
on possible improvements. Table 1 summarizes those CDF and DØ analyses
that have been published or presented at conferences. The pace and scope of
supersymmetry searches at the Tevatron, as well as the sophistication, have
grown enormously in the last several years as the emphasis has shifted beyond
the top quark and more data have become available; there are many analyses
currently in progress. A much broader picture of the Tevatron’s capabilities
should emerge as these results become available.

4.1 Charginos and Neutralinos

In SUGRA models, the light neutralinos and charginos are much lighter than
the gluino or squarks, and may be the only sparticles directly accessible at
the Tevatron. In general, the lightest neutralino is a good LSP candidate, so,
assuming all charginos and neutralinos are relatively light, a discussion of their
phenomenology is a good starting point for an overview of Tevatron searches.

Chargino and neutralino pairs would be produced directlya at hadron col-
liders through their electroweak couplings to squarks and the vector bosons γ,
W , and Z. The production cross sections are not a simple function of chargino
and neutralino masses, but depend also on their (model–dependent) mixings
and the squark masses. Quite generally, there are three contributions to χ̃χ̃
production: (i) s–channel gauge boson production, (ii) t–channel squark ex-
change, and (iii) interference. For type (i), the reactions qq̄

′ → W ∗ → χ̃±
i χ̃

0
j

and qq̄ → γ∗/Z∗ → χ̃+
i χ̃

−
j occur through Wino and Higgsino components,

and qq̄ → Z∗ → χ̃0
i χ̃

0
j through Higgsino components of the neutralinos and

aThey may also be produced indirectly in the decays of heavier sparticles.
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Table 1: A compilation of results from Run I Tevatron SUSY searches as of the summer
of 1997. The symbol b denotes an additional b–tagged jet. Also listed are the references
and the section of this chapter where each analysis is discussed. More information is avail-
able for DØ at http : //www − d0.fnal.gov/public/new/new public.html, and for CDF at

http : //www − cdf.fnal.gov/

Sparticle Signature Expt. Run
∫
Ldt(pb−1) Ref. Sec.

Charginos E/T +trilepton CDF Ia 19 [60] 4.1
and E/T +trilepton CDF Iab 107 [61] ”
Neutralinos E/T +trilepton DØ Ia 12.5 [62] ”

E/T +trilepton DØ Ib 95 [63] ”
γγ+E/T or jets CDF Ib 85 [119] 4.10
γγ+E/T DØ Iab 106 [120] ”

Squarks E/T + ≥3,4 jets CDF Ia 19 [68] 4.2
and E/T + ≥3,4 jets DØ Ia 13.5 [67] ”
Gluinos E/T + ≥3 jets DØ Ib 79.2 [69] ”

dilepton+ ≥2 jets CDF Ia 19 [74] ”
E/T +dilepton+ ≥2 jets CDF Ib 81 [75] ”
E/T +dilepton DØ Ib 92.9 [73] ”

Stop E/T +ℓ+ ≥2 jets+b CDF Ib 90 [80] 4.3
E/T +ℓ+ ≥3 jets+b CDF Iab 110 [82] ”
dilepton+jets DØ Ib 74.5 [81] ”
E/T +2 jets DØ Ia 7.4 [79] ”
E/T +γ+b CDF Ib 85 [119] 4.11

Sleptons γγ E/T DØ Iab 106 [120] 4.10
Charged dilepton + E/T CDF Ia 19 [100] 4.5
Higgs τ+2 jets+E/T CDF Ia 19 [99] ”

τ+b+E/T +(ℓ,τ ,jet) CDF Iab 91 [87] ”
τ+b+E/T +(ℓ,τ ,jet) DØ Iab 125 [90] ”

Neutral WH → ℓ+ E/T +b+jet CDF Iab 109 [95] 4.6
Higgs WH → ℓ+ E/T +b+jet DØ Ib 100 [94] ”

WH,ZH → γγ+2 jets DØ Ib 101.2 [97] ”
ZH → b+jet+E/T DØ Ib 20 [101] ”
WH,ZH → 2 jets+2 b’s CDF Ib 91 [96] ”

R violating dilepton+≥ 2 jets CDF Iab 105 [104] 4.8
Charged LSP slow, long–lived particle CDF Ib 90 [102] 4.7

charginos, respectively.b In type (ii), the scattering quarks and antiquarks

exchange squarks subject to the constraint that Q̃R couples only to Bino com-

bAn asterisk superscript ∗ on a gauge boson refers to a resonance off the mass shell.

24

http://www-d0.fnal.gov/public/new/new_public.html
http://www-d0.fnal.gov/public/new/new_public.html
http://www-cdf.fnal.gov/
http://www-cdf.fnal.gov/


ponent of neutralinos, and Q̃L to Bino and Wino components of the neutralinos
and to charginos. Any Q̃R or Q̃L coupling to Higgsino–components is propor-
tional to the corresponding quark mass and can be ignored for chargino and
neutralino pair production (even though b̃ and t̃ have large couplings, the con-
tribution of b and t initial states from hadrons is small). Hence, in chargino

pair production (e.g. χ̃+
1 χ̃

−
1 ), only Q̃L exchange is important, since Q̃R only

couples to the charged Higgsino. In the case when all squarks are heavy, type
(i) contributions dominate. When the squarks are sufficiently light, both type
(ii) and (iii) can be important. For example, if |µ| ≫ M1,M2 (see Eq. (3)),

then χ̃0
1, χ̃

0
2, and χ̃±

1 are mostly gaugino–like, and both Q̃L and Q̃R can have
electroweak strength couplings to them. If, on the other hand, |µ| ≪ M1,M2

(see Eq. (4)), Q̃ exchange is only important for the heavier states, which might
not be kinematically accessible.

Figure 1 shows the production cross sections of various chargino and neu-
tralino pairs at the Tevatron for the limiting cases considered earlier in Eq. (3)
and Eq. (4). In this figure, tanβ = 2, m

Q̃
= 500 GeV, and the gauginos obey

the unification relations (see Eq. (11)). The left figure is generated by fixing
µ = −1 TeV and varying m1/2, the right figure by fixing m1/2=1 TeV and
varying µ. For reference, the SM W±h production cross section is shown as a
function of Mh. The example of Eq. (3) is most like a pure SUGRA model, in
which the couplings of Wχ̃±

1 χ̃
0
2 and Zχ̃+

1 χ̃
−
1 are large, so the χ̃±

1 χ̃
0
2 and χ̃+

1 χ̃
−
1

production cross sections are the largest.

Charginos and neutralinos can also be produced in associated production:
Q̃χ̃ and g̃χ̃. This is discussed further in Section 4.2.

The decay patterns for the charginos and neutralinos are also very model
dependent. When kinematically allowed, a tree–level 2–body decay domi-
nates over a tree–level 3–body decay, because the latter has an extra factor
of g2/(4π2) in the decay rate. Possible 2–body decays of the chargino are to

W±χ̃0
1, H

±χ̃0
1, ℓ̃L,Rν, ν̃ℓ and Q̃q′. The heavier chargino χ̃±

2 can also decay to
Zχ̃±

1 and hχ̃±
1 (when Higgs bosons are part of the event signature, the final

states can contain heavy flavor quarks or tau leptons). When no 2–body final
states are kinematically allowed, the chargino will decay to a 3–body final state
with contributions similar to those for chargino production (described previ-
ously): (i) virtual gauge boson decays, (ii) virtual sfermion decays, and (iii)
interference. A common decay is χ̃± → χ̃0f f̄ ′. If sfermions are much heavier
than a chargino, then type (i) dominates, and the decays proceed through W ∗

with branching ratios similar to those of the on–shellW boson. Virtual squarks
and sleptons can significantly alter the branching ratios to a specific f f̄ ′ final
state depending on the squark and slepton masses, so that a 100% branching

25



Mχ (GeV)

σ(
M

χ)
 (

fb
)

χ
~
χ
~
 Production (Large |µ| Limit (1))

√S=1.8 TeV, pp
_

CTEQ4M PDF
χ
~0

2 χ
~+

1

χ
~-

1 χ
~+

1

(a)

(a)

χ
~0

1 χ
~+

1

χ
~0

1 χ
~0

2

Wh(b)

(b)

10
-1

1

10

10 2

10 3

10 4

75 100 125 150 175 200 225 250 275 300
Mχ (GeV)

σ(
M

χ)
 (

fb
)

χ
~
χ
~
 Production (Small |µ| Limit (2))

√S=1.8 TeV, pp
_

CTEQ4M PDF
χ
~0

2 χ
~+

1

χ
~-

1 χ
~+

1

(a)
(a) χ

~0

1 χ
~+

1

χ
~0

1 χ
~0

2

Wh(b)

(b)

10
-1

1

10

10 2

10 3

10 4

75 100 125 150 175 200 225 250 275 300

Figure 1: Production cross sections at the Tevatron for chargino and neutralino pair produc-
tion versus the lightest chargino mass for two limiting models discussed in the text: large
|µ| (Left) and small |µ| (Right). The Wh cross section (curve b) is shown for reference as a

function of Mh.

ratio to ℓνχ̃0
1 or jjχ̃0

1 final states is possible. A 3–body decay χ̃±
j → g̃qq̄′ can

occur through virtual squark decays, provided the gluino is light enough (see
Appendix A).

Similarly, for neutralinos, the 2–body decays to Zχ̃0, hχ̃0, W∓χ̃±, H∓χ̃±,
ℓ̃L,Rℓ, ν̃ν or Q̃q will dominate when kinematically allowed. When this is not
the case, the 3–body decay χ̃0

i → χ̃0
jf f̄ (or χ̃0 → g̃qq̄) can occur through virtual

Z bosons, squarks, or sleptons. Three–body decays can also be in competition
with a loop decay, so that χ̃0

2 → χ̃0
1γ, since the same factor of g2/(4π)2 coming

from a loop integral for a 2–body decay also appears in the 3–body decay rate.
Such a decay is important when the χ̃0

1 is Higgsino–like and χ̃0
2 is gaugino–like,

or vice versa.

In general, for χ̃0
2χ̃

±
1 production, the final states are (i) four leptons and

E/T , or (ii) two leptons, two jets and E/T , or (iii) four jets and E/T . Some of
the leptons can be neutrinos. For χ̃+

1 χ̃
−
1 production, the final states are (i)

two acollinear charged leptons and E/T , (ii) one charged lepton, 2 jets, and
E/T , or (iii) four jets and E/T . A wide variety of signatures is possible from the
production of other chargino and neutralino combinations.
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Trileptons

The production of χ̃±
1 χ̃

0
2, followed by the decays χ̃±

1 → χ̃0
1ℓν and χ̃0

2 → ℓ+ℓ−χ̃0
1,

is a source of three charged leptons (e or µ) and E/T , called trilepton events
(the E/T is silent). The trilepton signal has small SM backgrounds, and is
consequently one of the “golden” SUSY signatures.54,57,56,58

The overall efficiency for χ̃±
1 χ̃

0
2 production with decays into three detected

leptons is set mainly by the branching ratio for the trilepton final state, which
is highly model–dependent. The efficiency depends on mass splittings between
the χ̃±

1 and χ̃0
2 and the χ̃0

1. For example, if the 2–body decay chain χ̃0
2 → ℓ̃ℓ

and ℓ̃→ ℓχ̃0
1 occurs, and the mass splitting between χ̃0

2 and ℓ̃ or between ℓ̃ and
χ̃0

1 is small, one of the leptons can be too soft to detect. In addition, if the
mass splitting between χ̃0

1 and χ̃0
2 is large, decays to real Z or h bosons are

possible. Real Z bosons have a small branching ratio to e+e− and µ+µ− and
are a SM background, and h will decay mainly to bb̄, decreasing the trilepton
rate. A similar discussion holds for the decays of the χ̃±

1 , especially in SUGRA
since M

χ̃±

1

≃M
χ̃0

2

. For example, in SUGRA models, the branching ratios can

be BR(χ̃±
1 → ℓνχ̃0

1) = 0.22, BR(χ̃0
2 → ℓ+ℓ−χ̃0

1) = 0.32 when the sleptons are
off–shell but lighter than the squarks, or BR(χ̃±

1 → ℓνχ̃0
1) = 0.66, BR(χ̃0

2 →
ℓ+ℓ−χ̃0

1) ≃ 0 when the sneutrinos are light enough to allow χ̃0
2 → ν̃ν on–shell.

The branching fractions also depend on tanβ, and, for large tanβ, decays to
b’s and τ ’s are enhanced. The decays of χ̃0

2 to e+e− and µ+µ− are strongly
suppressed for large tanβ, falling a factor of about 5 between tanβ=2 and
tanβ=20 if the squarks are much heavier than the sleptons.59

The results of the CDF 60,61 and DØ searches 62,63 are shown in Fig. 2 an-
alyzed using RIPS (see Sec. 2.5). The searches include four channels: e+e−e±,
e+e−µ±, e±µ+µ− and µ±µ+µ−. The CDF analysis is based on the cuts listed
in Table 2, and requires one lepton with ET >11 GeV, passing tight identifi-
cation cuts, and two other leptons with ET >5 GeV (electrons) or pT >4 GeV
(muons), passing loose identification cuts. All leptons must be isolated, mean-
ing there is little excess ET in a cone of size R = 0.4 in η − φ space centered
on the lepton. The event must have two leptons with the same flavor and
opposite sign. If two leptons of the same flavor and opposite charge have a
mass consistent with the J/Ψ, Υ or Z boson, the event is rejected. After this
selection, six events remain in the data set, while the expected background,
dominated by Drell–Yan pair production plus a fake lepton, is 8 events. After
demanding E/T> 15 GeV, no events remain, while 1.2 are expected from SM
model sources.

The DØ analysis requires leptons with ET > 5 GeV satisfying the selection
criteria of Table 3. However, several different triggers are used, and some
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Figure 2: (Left) The CDF 95% C.L. limits on cross section × branching ratio for χ̃±

1
χ̃0

2

production in 107 pb−1of data. The limit is on the sum of the final states eee, eeµ, µµµ
and µµe when χ̃±

1
→ ℓνχ̃0

1
and χ̃0

2
→ ℓℓχ̃0

1
. The signals expected for three different RIPS

scenarios are shown for comparison.57 Typically, M
χ̃0
2

≃ M
χ̃±

1

≃ 2M
χ̃0
1

. (Right) Similar

limits from DØ, but for the average of all four channels. The curves (A), (B), and (C) show
the Run Ia, Run Ib, and combined limits. Curve (i) shows the predicted cross section ×
branching ratio assuming BR(χ̃±

1
→ ℓνχ̃0

1
)= BR(χ̃0

2
→ ℓ+ℓ−χ̃0

1
)=1/3 (ℓ = e, µ, τ). Curve

(ii) assumes BR(χ̃±

1
→ ℓνχ̃0

1
)=0.1 and BR(χ̃0

2
→ ℓ+ℓ−χ̃0

1
)=0.033. For both CDF and DØ,

kinematic efficiencies are calculated using the production cross section from ISAJET.

lepton categories are required to have a larger ET to pass the various trigger
thresholds. All leptons are required to be isolated. To reduce events with
mismeasured E/T , the E/T must not be along or opposite a muon. Additional
cuts are tuned for each topology. For example, the background from Drell–
Yan pair production plus a fake lepton is highest in the eee channel, so these
events are rejected if an electron pair is back–to–back. The E/T cut is 15 GeV
for eee, and 10 GeV for the other three topologies. No events are observed in
any channel with a total of 1.26 events expected from (i) Drell-Yan production
plus a fake lepton and (ii) heavy–flavor production.

To compare the DØ and CDF 95% C.L. results, note that the two exper-
iments present different quantities: the DØ limit is on the “average” of the
4 modes (eee, eeµ, eµµ,and µµµ), while the CDF limit is on the sum. After
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Table 2: Selection criteria and results for the CDF trilepton gaugino search. The ’Very Loose’
muon category refers to isolated stiff tracks that leave only small amounts of energy in the
calorimeters, but do not have a corresponding track in a muon chamber (this substantially

increases the acceptance).

Quantity Criteria/Cut Value

Lepton ID Categories 1 Tight + 2 Loose, |ΣQ| 6= 3
Lepton Isolation ΣET < 2 GeV in a cone R = 0.4
Tight Ee

T , η range > 11 GeV, |η| < 1.0
Loose Ee

T , η range > 5 GeV, |η| < 2.4
Tight pµ

T , η range > 11 GeV, |η| < 0.6
Loose pµ

T , η range > 4 GeV, |η| < 1.0
Very Loose Muon pµ

T , η range > 10 GeV, |η| < 1.0
Z,Υ,J/ψ mass window cuts 75 − 105, 9 − 11, 2.9− 3.1 GeV
∆φ between highest 2 ET leptons < 170◦

∆R between any 2 leptons > 0.4
E/T > 15 GeV∫
Ldt 107 pb−1

Expected Background 1.2 events
Observed Events 0 events

Table 3: Selection Criteria and Results for the DØ Run Ib Trilepton Search.

Channel and Trigger
eee Trigger eeµ Trigger eµµ Trigger µµµ Trigger

Energy ordered > 22, 5, 5 eE/T > 22(e), 5, 5 eE/T > 9(e), 10, 5 eµ > 17, 5, 5 µ
ET (GeV) > 14, 9, 5 2eE/T > 14, 9, 5(µ) 2eE/T > 17(µ), 5, 5 µ > 5, 5, 5 µµ

> 9(e), 10(µ), 5 eµ > 5, 5, 5 µµ
Mass window cut 80–100 GeV None 0–5 GeV 0–5 GeV
E/T > 15 GeV > 10 GeV > 10 GeV > 10 GeV
∆φ |π − ∆φe,e| >0.2 None |π − ∆φµ,µ| >0.1 |π − ∆φµ,µ| >0.1
cuts 2 leading e’s all combinations∫
Ldt 94.9 pb−1 94.9 pb−1 89.5 pb−1 75.3 pb−1

Background 0.34 ±0.07 0.61±0.36 0.11 ± 0.04 0.20 ± 0.04
Observed 0 0 0 0

accounting for this difference, the CDF limit is twice as sensitive at a given
χ̃±

1 mass. The CDF limit shown is compared to three RIPS, which have differ-
ent ratios of m

Q̃
to Mg̃. The DØ limit is compared to a wide variation of pos-
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sible branching ratios. Curve (i) assumes BR(χ̃±
1 → ℓνχ̃0

1) = BR(χ̃0
2 → ℓℓχ̃0

1)
= 1/3 (no hadronic decays), while curve (ii) assumes BR(χ̃±

1 → ℓνχ̃0
1) = 0.1

and BR(χ̃0
2 → ℓℓχ̃0

1) = 0.033 (gauge boson–like decays). The DØ theory curve
assumes heavy squarks, suppressing the squark exchange diagram but the CDF
curves do not. The wide differences in the theory curves in Fig. 2 show the
dangers of quoting a mass limit rather than a cross section × branching ratio
limit.
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Figure 3: The overall trilepton signal rate64 for an ensemble of SUGRA models as a function
of the lightest chargino mass M

χ̃±

1

. The kinematics cuts are different than those used in the

present experimental analyses. The different symbols refer to solutions showing interesting
behavior where χ̃0

2
has (A) a neutral “invisible” branching ratio (generally χ̃0

2
→ ν̃ν̄) > 90%,

(B) a large destructive interference in 3–body leptonic decays, (C) a branching ratio to Higgs
> 50% dominates, or (D) all other solutions. The horizontal lines represent the reach for

various integrated luminosities.

The experimental limit on the cross section (times branching ratio) de-
pends on the kinematics of the decays, mostly through the mass splitting be-
tween χ̃±

1 , χ̃
0
2 and the LSP. For µ > 0, the mass splitting M

χ̃±

1

−M
χ̃0

1

is smaller,

and the lepton pT cuts are less efficient. As long as the sleptons are heavier
than χ̃±

1 and χ̃0
2, the leptonic decays of χ̃±

1 and χ̃0
2 through virtual W and Z
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bosons and sleptons have similar kinematics since the decays are dominated
by phase space. However, when the experimental result is presented as a limit
on the mass of the lightest chargino rather than as a cross section limit, the
result is highly model–dependent. The theoretical cross section and branching
ratios are strongly affected by the SUSY parameters. If sleptons and squarks
are both heavy, the decays of χ̃±

1 and χ̃0
2 to leptons follow the pattern of the

SM gauge particles. If the sleptons are light and the squarks are heavy, decays
to trileptons are enhanced.

Figure 3 shows the wide variation in total efficiency×cross section×branching
ratio at a given chargino mass for the trilepton signature by sampling a large
ensemble of SUGRA models.64 The horizontal lines represent the reach for
various integrated luminosities, showing that the Tevatron reach can be quite
good for sufficiently high luminosities. However, even in the restrictive SUGRA
framework, no absolute lower limit on the chargino mass is possible.

4.2 Squarks and Gluinos

Since the Tevatron is a hadron collider it can produce gluinos and squarks
through their SU(3)C couplings to quarks and gluons. The dominant produc-

tion mechanisms are gg, qq̄ → g̃g̃ or Q̃Q̃∗, qq → Q̃Q̃ and qg → Q̃g̃, q̄g → Q̃∗g̃.
Because QCD is unbroken,a the production cross sections of gluinos and squarks
can be calculated as a function of only the squark and gluino masses (ignoring
EW radiative corrections). Figure 4 shows the production cross sections for
squarks and gluinos as a function of the sparticle masses at

√
s = 1.8 TeV (left)

and 2 TeV (right), where NLO Supersymmetric QCD corrections have been
included.65 The total cross sections can be of the order of a few picobarns for
squark and gluino masses up to 400 GeV. The NLO corrections are in general
significant and positive (evaluated at the scaleb Q = m̄, the average mass of the
two produced particles), and much less sensitive to the choice of scale than a

aThe strong couplings of gluinos and squarks are the same as those of gluons and quarks,
so that the production cross sections are the usual strong interaction cross sections.

b In the perturbative calculation of scattering probabilities in field theory, two scales
appear: a factorization scale, where the parton distribution functions are evaluated, and
a renormalization scale, where the running coupling is evaluated. In practice, these scales
are chosen to be the same. This scale should be representative of the typical momentum
flowing through a Feynman diagram. In Drell–Yan production, for example, the scale is the
invariant mass of the Drell–Yan pair. The higher the order of a perturbative calculation, the
lesser the dependence on this scale.
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LO calculation.c In Fig. 4, five degenerate squark flavors are assumed,d which
is one way to suppress FCNC’s.
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Figure 4: (Left) Production cross sections for gluinos and squarks versus sparticle mass MX

at the Tevatron,
√

s = 1.8 TeV, assuming degenerate masses for 5 flavors of squarks. For

Q̃Q̃∗ and Q̃Q̃ production, MX is the squark mass and Mg̃ = 200 GeV. For g̃g̃ production,

MX is the gluino mass and M
Q̃

= 200 GeV. For Q̃g̃ production (a), MX is the squark mass

and Mg̃ = 200 GeV; for (b), MX is the gluino mass and M
Q̃

= 200 GeV. The scale is the

average mass of the two produced sparticles. (Right) The same curves with
√

s = 2 TeV.
The bands show the change in rate from varying the scale from 1/2 to 2 times the average

mass of the produced particles.

The ultimate detectability of squarks and gluinos depends upon their de-
cays, which, in turn, depends on the electroweak couplings of the squarks and
the mixings in the neutralino and chargino sector. Since squarks and gluinos
decay into charginos and neutralinos, their signatures can be similar to χ̃χ̃ pro-
duction, but with accompanying jets. If m

Q̃
> Mg̃, then the squark has the

2–body decay Q̃ → g̃q. The gluino has then the possible decays g̃ → qq̄χ̃0
i or

g̃ → qq̄′χ̃±
i , where q can stand for t or b as well, or even g̃ → tt̃∗ or t̄t̃ if kinemat-

ically allowed. The gluino can also decay via one–loop diagrams as g̃ → gχ̃0
i .

If, instead, m
Q̃
< Mg̃, then the gluino has the 2–body decay g̃ → Q̃q. The

c The inclusion of NLO effects in the cross sections will typically raise the lower bounds
for squark and gluino masses by 10 to 30 GeV with respect to the LO cross sections evaluated
at a scale equal to the invariant mass of the produced particles.

dAssuming the same mass for the bottom squark is a simplification that becomes ques-
tionable in the large tan β region.
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squarks can then decay as Q̃L,R → qχ̃0
i , ũL → dχ̃+

i , and d̃L → uχ̃−
i . The final

event signatures depend on the decay channels of the charginos and neutrali-
nos, but, typically involve E/T and a multiplicity of jets and/or leptons. The
3–body or top–stop decay modes of the gluino can produce a higher multiplicity
of SM particles in their decays than the squark 2–body decays to neutralinos
or charginos, particularly if Q̃ → qχ̃0

1 is the dominant squark decay. On the
other hand, the LSP in gluino decays must share energy with more particles,
producing less E/T on the average (see Fig. 5).

Gluinos and squarks may also be produced at the Tevatron in association
with charginos or neutralinos (analogous to W and Z + jet production). These
processes can be more important than pair production of gluinos and squarks
if the latter are kinematically limited. Event signatures are similar to Q̃ and
g̃ production, but possibly with fewer jets, though the events may still pass
the selection criteria for the squark and gluino searches. For example, Q̃χ̃±

1

production will have one less jet than Q̃Q̃ production, assuming the decay
Q̃→ q′χ̃±

1 or Q̃→ qχ̃0
1

Promising signatures for squark and gluino production are (i) multiple jets
and E/T

53 and (ii) isolated leptons and jets and E/T .55

Jets + E/T

Both CDF and DØ have performed searches for events with jets and E/T . This
signature has significant physics and instrumental backgrounds. The three
dominant physics backgrounds are (i) Z → νν̄ plus jets, (ii) W → τν plus
jets, where the τ decays hadronically, and (iii) tt→ τ plus jets, where the τ
decays hadronically. The E/T in leptonic W decays peaks at MW /2 ≃ 40 GeV,
with a long tail at high E/T due to off–shell or high–pT W ’s and energy mismea-
surements, so a large E/T cut is needed to remove these events. Instrumental
backgrounds come from mismeasured vector boson, top, and QCD multijet
events. Backgrounds from vector boson production occur for W → eν, µν plus
jets events when the lepton is lost in a crack or is misidentified as a jet. The
same problem can occur when the W is produced in a tt event. QCD multijet
production is a background when jet energy mismeasurements cause false E/T .

The DØ Run Ia analysis67 searches for events with 3 or more jets and
E/T and with 4 or more jets and E/T . The analysis is described in Table 4. The
resulting mass limits on squarks and gluinos are shown in Fig. 6 (right, the
plot containing the CDF results also shows the DØ Ia results) and were set
using a RIPS model with the following parameters: MH±= 500 GeV, tanβ=
2, µ = −250 GeV, and Mℓ̃ = m

Q̃
. The efficiency and theoretical cross sections

were calculated using ISAJET
51 assuming 5 flavors of mass degenerate squarks
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without top squark production and a detector simulation.
DØ also has a 3–jet analysis 69 based on 79.2 pb−1 of Run Ib data. The

basic requirements are three jets with ET > 25 GeV and a central leading
jet (|η| < 1.1). The E/T may be significantly overestimated if the wrong in-
teraction vertex is used;e to reduce this effect, the tracks in the leading jet
are required to point back to the primary vertex. The E/T is required to be
uncorrelated in φ with any jet. A cut on the scalar sum of the ET of the
non–leading jets, called HT , effectively reduces events from vector boson back-
grounds. The leading jet is also required to have ET > 115 GeV because the
only available unbiased sample to study the QCD multijet background had
this requirement. These cuts are summarized in Table 4. Vector boson back-
grounds are estimated using VECBOS,70 while the tt̄ background uses HERWIG71

normalized to the DØ measured tt̄ cross section. The detector simulation is
based on the GEANT

72 program. Two techniques were used to calculate the
QCD multijet background. One compares the opening angle between the two
leading jets and the E/T in the signal sample to the distribution in a generic
multi–jet sample. The other selects events from a single jet trigger which pass
all the selection criteria except for the E/T requirement. The E/T distribution is
fit in the low E/T region, and extrapolated into the signal region. The complete
set of background estimates can be found in Table 5.

The DØ data have been analyzed in the context of a minimal SUGRA
model. For fixed tanβ, A0, and sign of µ, exclusion curves are plotted in
the m0 − m1/2 plane, Fig. 6 (left). The limits are from the 3–jet, 79.2pb−1,
analysis only. Efficiencies are calculated using ISAJET

51 for production of
gluinos and five flavors of squarks without stop squark production. For each
point in the limit plane, the E/T and HT cuts are reoptimized based on the
predicted background and SUSY signal. Figure 5 shows the E/T as a function of
m0 and m1/2 for tanβ=2, A0=0, µ < 0. When m0≫m1/2, the E/T signature is
degraded, because m

Q̃
≫Mg̃ and thus higher multiplicity g̃g̃ events dominate.

Since higher multiplicity also means higher HT , varying the cuts can maintain
sensitivity. These results are robust within the SUGRA framework.69

The CDF analysis of the Run Ib data set is not yet complete, but the
Run Ia result based on 19 pb−1 has been published.68 The basic requirements
are 3 or 4 jets and 60 GeV of E/T . The full set of cuts is listed in Table 4.
As in the DØ search, the direction of the E/T is not allowed to coincide with
that of a jet, and events with leptons are rejected to reduce the background
from W and top events. The variable S, which indicates the significance of the
E/T , is used to reduce fake E/T measurements; S is calculated by dividing the
E/T by the square root of the scalar sum of the ET in the calorimeters. The

eThe calculation of E/T uses the event vertex to calculate ET for all objects.
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Table 4: Selection criteria for Tevatron squark and gluino searches in the 3 or 4 jets+E/T chan-
nels. Cuts specific to the DØ 4–jet analysis are in parentheses.

Quantity Experiment
DØ CDF

Trigger E/T> 40 GeV E/T>35 GeV

1 jet with Ej
T > 50 GeV

E/T > 75 − 100, (65) GeV > 60 GeV with S >2.2 GeV1/2

Ej
T > 25, (20) GeV > 15 GeV, |η| < 2.4

leading Ej
T > 115 GeV |η| < 1.1, (N.A.) > 50 GeV

HT> 100 − 160, (N.A.)
∆φi between 5.7◦ < ∆φi < 174.3◦ ∆φi > 30◦

E/T and jet i;
√

(∆φ1 − 180◦)2 + ∆φ2
2 > 28.6◦ ∆φ1 < 160◦

i=1 is the leading jet
Leptons Veto all (N.A.) Veto all
Vertices confirmed, (Only one) Any number

vector boson backgrounds are estimated using VECBOS
70 normalized to the

CDF Wjj data. Top backgrounds are determined using ISAJET
51 normalized

to the CDF measured top cross section. The QCD background is estimated
using an independent data sample based on a trigger that required one jet with
ET > 50 GeV. First all analysis cuts (Table 4) are applied to this sample except
for the S cut, the E/T cut, and the 3 or 4 jets cut. Next the E/T distribution is
fit and the number of events expected to pass the E/T cut is derived. Finally
the efficiency of the last three cuts is applied to arrive at the final background
estimate, shown in Table 5.

The limits derived from the CDF analysis are shown in Fig. 6 (right) within
the RIPS framework (see Sec. 2.5). In RIPS, a heavy gluino implies a heavy
χ̃0

1, so a light squark (m
Q̃

≈ M
χ̃0

1

) decay will not produce much E/T . The

consequence is an apparent hole in the CDF limit for small m
Q̃

and large Mg̃.

However, lighter gluinos always produce a large E/T because of the enforced
mass splitting between Mg̃ and M

χ̃0
1

. The results of this analysis do not change

substantially as parameters are varied within the RIPS framework.68

The results summarized in Fig. 6 are complemented by the dilepton+E/T anal-
ysis shown in Figs. 7 and 9. The limits on the gluino and squark masses in
each scenario (minimal SUGRA and RIPS) will be discussed below.
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Table 5: The number of expected and observed events for Tevatron squark and gluino
searches in the jets+E/T channel after performing the cuts in Table 4.

DØ CDF

Analysis 3 jets 4 jets 3 or 4 jets 4 jets∫
Ldt(pb−1) 79.2 13.5 19 19

W± 1.56 ± .67 ± .42 4.2 ± 1.2 13.9 ± 2.1 ± 6.0 2.6 ± 0.9 ± 1.7
Z → ℓℓ̄, νν̄ 1.11 ± .83 ± .36 1.0 ± 0.4 5.0 ± 0.9 ± 2.7 0.4 ± 0.2 ± 0.4
tt 3.11 ± .17 ± 1.35 – 4.2 ± 0.3 ± 0.5 2.2 ± 0.2 ± 0.4
QCD multijets 3.54 ± 2.64 1.6 ± 0.9 10.2 ± 10.7 ± 4.2 3.2 ± 3.8 ± 1.3
Total Background 9.3 ± 0.8 ± 3.3 6.8 ± 2.4 33.5 ± 11 ± 16 8 ± 4 ± 4
Events Observed 15 5 24 6
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Figure 5: The E/T distribution from simulations of squark/gluino events in the DØ detec-
tor based on ISAJET

51 and GEANT.72 The simulation used SUGRA mass relations assuming
tan β=2, A0=0, and µ < 0 and seven values of m0 and m1/2. The numbers in the upper
right-hand corner of each plot are the mean and RMS of the distribution. The normalization

is arbitrary.

Dileptons+E/T

If, in the cascade decay chain of the Q̃’s and g̃’s, two charginos decay χ̃±
1 →

ℓνχ̃0
1, or one neutralino decays χ̃0

2 → ℓ+ℓ−χ̃0
1, the final state can contain 2 lep-

tons, jets, and E/T .55 This channel has the advantage of being relatively clean
experimentally. The requirement of two leptons significantly reduces jet back-
grounds and removes most of the W backgrounds. Requiring that the mass of
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Figure 6: (Left) The DØ Excluded region in the m0 − m1/2 plane with fixed parameters
tan β = 2, A0 = 0, and µ < 0. The heavy solid line is the limit contour of the DØ jets and
missing transverse energy analysis. The dashed line is the limit contour of the DØ dielectron
analysis. The lower hashed area is a region where mSUGRA does not predict EWSB cor-
rectly. The hashed region above is where the sneutrino is the LSP. (Right) The CDF mass
limits on squarks and gluinos from the search in jets and E/T

68 using 19 pb−1 of data and
the ISAJET 7.06 Run I Parameter Set (RIPS) with the indicated values (solid area). For
m

Q̃
< Mg̃, the cross section used is leading order, and three or more jets are required. For

Mg̃ < m
Q̃

, the cross section is NLO,65 and four jets are required. The line labelled “DØ

PRL” is the DØ result from Run Ia using 13.5 pb−1 of data.67

the two leptons be inconsistent with the Z mass removes most of the rest of the
vector boson backgrounds. If the leptons are required to have pT>20 GeV, the
major background from physics processes is tt→ bW+b̄W− → bb̄ℓ+ℓ−E/T . As
the cut on lepton pT is lowered, Z → τ+τ−, where the τ ’s decay semileptoni-
cally, also becomes an important background. The instrumental backgrounds
are small. The spectacular signature of like–sign, isolated dileptons, which is
difficult to produce in the SM, can occur whenever a gluino is produced directly
or in a cascade decay, since the gluino is a Majorana particle. This property
is exploited in the CDF dilepton searches.

Figures 7 and 8 show the DØ73 and CDF75,74 results from Run Ib, once
again compared to SUGRA and RIPS, respectively. The CDF limit is based on
NLO cross sections,65 and the DØ limit on LO cross sections. The DØ limits on
m0 and m1/2 are calculated including contributions from the production of all
sparticles (for instance, associated production of neutralinos or charginos with

squarks or gluinos), while the CDF result only considers Q̃ and g̃ production.
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Table 6: Selection criteria for Tevatron searches for squarks or gluinos in the dileptons, 2
jets and E/T channel.

Quantity Experiment
DØ CDF∫

Ldt (pb−1) 92.9 81
Ee1

T , Ee2

T > 15, 15 GeV > 11, 5 GeV
pµ1

T , pµ2

T N.A. > 11, 5 GeV

Ej1,j2
T > 20 GeV > 15 GeV

Mass window cut MZ ± 12 GeV N.A.
∆R between leptons and jets N.A. > .7
E/T > 25 GeV > 25 GeV
like sign dileptons no yes

Table 6 gives the selection criteria for the two analyses. The experimental cuts
are chosen to identify two high–pT leptons, which come predominantly from
Q̃ and g̃ decays into charginos or neutralinos which in turn decay into real or
virtual W or Z bosons.
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A0=0, and µ < 0. In both plots, the dark shaded area is the region in which SUGRA does
not produce electroweak symmetry breaking. Selected contours of squark and gluino mass

are also shown.
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Figure 8: CDF limits on the squark and gluino masses from the 2 like sign leptons, 2 jets,
and E/T search in 81 pb−1. The limits were set using the ISAJET 7.06 Run I Parameter Set

(RIPS) with the indicated values.

DØ has also presented an experimental limit in the Mg̃ −mQ̃
plane Fig. 9,

which allows a comparison with the CDF limit Fig. 8. For m
Q̃

≫ Mg̃ or,

equivalently, form0 ≫ m1/2, g̃g̃ pair production is the dominant SUSY process.
As m0(mQ̃

) is varied with the other parameters fixed, the branching ratios for

the 3–body gluino decays to charginos or neutralinos and jets become fairly
constant, so the production rate of leptonic final states becomes constant; the
experimental limit approaches a constant value asymptotically, as can be seen
in both the DØ and CDF plots shown in Figs. 8 and 9, respectively. Observe
that, for large enough values of the gluino mass, the leptons easily pass the
experimental cuts, so the experimental efficiency also becomes constant.

The relation m
Q̃

≪ Mg̃ is not possible in SUGRA, and is treated in an

ad hoc manner in RIPS. There is no limit in this region for either opposite–
or like–sign dilepton pairs because the large, fixed slepton masses limit the
branching ratios to leptonic final states. The possibility of like–sign dilepton
pairs is further reduced because both the g̃g̃ and g̃Q̃ cross sections (which
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produce like–sign leptons because the gluino is a Majorana particle) and the

Q̃Q̃ cross section (which produces like–sign leptons because the squarks have

the same charge) are small in this region. It is very difficult for Q̃Q̃∗ production
to yield like–sign leptons in general.

When m
Q̃

≃ Mg̃, the g̃g̃ cross section is supplemented by the g̃Q̃ cross

section. Just above the diagonal line at Mg̃ = m
Q̃

(i.e. m
Q̃

just larger than

Mg̃) in Figs. 8 and 9, there are “noses” in the limit plots, with the limit
becoming stronger close to the diagonal.
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Figure 9: Excluded region from various DØ analyses in the m
Q̃

− Mg̃ plane with fixed

mSUGRA parameters tan β = 2, A0=0, and µ < 0. Note that there are no mSUGRA
models in the region to the right of the diagonal thin line. The heavy solid line is the limit
contour of the DØ Run Ib 3 jets and missing transverse energy analysis. The dashed line
is the limit contour of the DØ Run Ib dielectron analysis. The dot–dashed line is the limit
contour of the DØ Run Ia 3 and 4 jets and missing transverse energy analysis shown only

in the region with valid mSUGRA models.

The limits in Figs. 8 and 9 are for a specific choice of parameters within the
RIPS or SUGRA framework. If µ, At and tanβ are varied, the branching ratios
into charginos or neutralinos can vary strongly. The sensitive dependence on
the parameters can be seen within minimal SUGRA models from the DØ limits
in Fig. 7. The dip in the tanβ=2 limit (left), around m0= 70 GeV, is a
point where mℓ̃ > M

χ̃0
2

> mν̃ and BR(χ̃0
2 → νν̄χ̃0

1) ≃ 1, so the detection

efficiency is very sensitive to the choice of high energy parameters m0 and
m1/2. In Fig. 7 (right), with tanβ=6, the limits are severely reduced compared
to Fig. 7 (left), with tanβ=2, in the region where the squark mass is large
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compared to the gluino mass. For large tanβ, the mass splitting M
χ̃±

1
,χ̃0

2

−M
χ̃0

1

is reduced, so that the leptons from the χ̃±
1 and χ̃0

2 decays are softer. The
non–trivial shape of the limit curves results from an interplay between the
cross section being larger when m0 and m1/2 are smaller (sparticle masses are
smaller) and the mass splittings being smaller. Consequently, although the
dileptons+jets+E/T signature is an excellent discovery channel with little SM
background, it is hard to set significant parameter limits even using SUGRA
models.

From the present analyses in the E/T +jets and dileptons+E/T channels,
some preliminary conclusions can be drawn on the squark and gluino masses.
These depend, however, on the assumed SUSY parameters. The DØ limit on
the gluino mass effectively develops a plateau for large m0 at 185 GeV for
tanβ= 2, and at 134 GeV for tanβ= 6. The CDF limit on the gluino mass
is 180 GeV for tanβ= 4 for large m

Q̃
. Instead, for equal squark and gluino

masses, the DØ mass limit for tanβ=2 is 267 GeV, using all SUSY production
and decay modes in the model. From the CDF analyses and m

Q̃
≃ Mg̃, the

limit is about 220 GeV for tanβ = 4. A direct comparison of all the above
results is rather difficult since DØ and CDF have done analyses assuming
different sets of MSSM parameters (see Figs. 6–9). Moreover, CDF considers
only squark and gluino production, while DØ considers all possible sparticle
production, and the associated production of neutralinos or charginos with
squarks or gluinos can have an impact on the experimental limits.

It would be very useful for purposes of comparing and combining the two
experimental limits to have both collaborations use at least one common model
(such as SUGRA), and agree on several values of the parameters to do the
searches. For example, the two collaborations could present their limits in
the m1/2 − tanβ plane (for large m0). Secondly, they could move (partially)
towards more experimentally–based quantities by plotting contours of cross
section limit and also contours of acceptance × efficiency in them0–m1/2 plane.
This would eliminate the strong model dependence on the branching ratios.
The experimental acceptance for the signature of two leptons+jets is much less
model–dependent, since it simply reflects the hard kinematics from the decays
of two heavy objects. A presentation of cross section × branching ratio limits,
in addition to the mass limits, would be of more general use to model–builders.

4.3 Top Squarks

The top squark (stop) is a special case worth a separate discussion.76,77 The
mass degeneracy in the stop sector is expected to be strongly broken, and,
for sufficiently large mixing, the lightest stop can be expected to be rather
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light, possibly lighter than the lightest chargino. The lightest stop has about
a tenth the production cross section of a top quark of the same mass, because
the threshold behavior is β3 (compared to β for fermion pairs) and only half
the scalar partners are being considered. At leading order, the cross section is
independent of the gluino mass and depends only on the stop mass.f Due to
the large left–right mixing, the NLO SUSY QCD corrections must deal with
different left– and right–handed couplings of the quarks to squarks and gluinos.
The results for the stop–pair production cross section as a function of the stop
mass are plotted in Fig. 10.78
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Figure 10: The cross section for pair production of one stop quark versus the stop mass at
the Tevatron, calculated to NLO. The band represents the variation of the scale from 1/2 to
2 times the stop mass. The top pair production cross section versus the top mass is shown
for reference, calculated only at LO. The band represents the variation of the scale from 1/2
to 2 times the transverse mass pT ⊕ mt, where pT is the transverse momentum of the top

quark.

The stop can be produced directly as t̃t̃∗ pairs or, depending on the stop
mass, indirectly76 in decays of the top t→ t̃χ̃0

1, or sparticles, such as χ̃±
i → bt̃.

Also depending on the stop mass, one of three decay modes is expected to
dominate. If (a) mt̃1 > m

χ̃±

1

+ mb, then t̃1 can decay into bχ̃+
1 , followed by

the decay of the chargino. This can look similar to the top decay t→ bW , but

f Since the incoming partons are not tops, then if flavor changing neutral currents are
suppressed by a Supersymmetric GIM mechanism, stop production via gluino interchange is
not allowed. After including the NLO SUSY QCD corrections the dependence on mg̃ and
stop mixing becomes explicit but, in practice, numerical results are insensitive to the exact
gluino mass and the mixing.
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with different kinematics and branching ratios for the final state. Instead, if the
stop is the lightest charged SUSY particle, it is expected to decay exclusively
through a chargino–bottom loop as (b) t̃1 → cχ̃0

1, which looks quite different
from SM top decays. Finally, the stop can decay (c) t̃ → bWχ̃0

1 or if the stop
is quite heavy into t̃→ tχ̃0

1

The possible signals from t̃t̃∗ production, with decay (a) and depending on
the chargino decay modes, are: (i) bb̄ℓ+ℓ−E/T , (ii) bb̄ℓ±jjE/T , or (iii) bb̄jjjjE/T .
These are similar to tt̄ final states, except (iii) has real E/T . If decay (b)
dominates, this yields a signature of 2 acollinear charm jets and E/T . Finally, if
decay (c) occurs, the events are similar to tt̄ events, except that the kinematics
of the individual t and t̄ are altered and there can be much more E/T .

If the stop is in the range 100−150 GeV, t̃t̃∗ production may be too small
to observe and it might be easier to observe a light stop in top quark decays
t → t̃χ̃0

1. If χ̃0
1 is Higgsino–like, then the BR(t → t̃χ̃0

1) can be 50%. If decay
(a) occurs, then top quark events have the same signatures as in the SM but
they have more E/T and softer jets and leptons. In case (b), fewer leptons and
jets are produced and the E/T distribution is affected. If there is one SM top
decay and one SUSY top decay, the final state can be bℓ±cE/T , which would
appear at a small rate in the Wjj sample, but not in the SM tt̄ event sample.

An indirect limit can also be set on the decay (b). Such decays would not
fall in the SM tt̄ dilepton or lepton+jets samples, but instead would deplete
them. Given a theoretical prediction for the tt̄ production cross section, the
branching ratio for decays which deplete the SM tt̄ samples can be bounded in
a straightforward manner. If decay (a) occurs, the analysis is more involved,
since the kinematic acceptance for the stop decays must be calculated for many
different choices of MSSM parameters. Also in case (a), some t̃t̃∗ events will
feed into the top quark event samples.

Direct Top Squark Pair Production

DØ has searched for t̃t̃∗ production77 with t̃ → cχ̃0
1 using 7.4 pb−1 of Run

Ia data.79 The signature is two acollinear jets and E/T , satisfying the selection
criteria in Table 7. The dijet cross section at the Tevatron is large, and thus this
signature has large instrumental backgrounds. It also has backgrounds from
vector boson production. The QCD and vector boson backgrounds would,
naively, be a factor of 1/αs larger than for the hadronic squark/gluino search,
as this search requires only 2 jets while the latter searches require at least 3 or
4 jets. This is not the case since the multijet backgrounds can be controlled
by requiring ∆φ > 45◦ between the E/T and each jet, and that the jets not be
back–to–back. The vector boson backgrounds are controlled by requiring that

43



Table 7: Selection criteria for the DØ 2 jet+E/T hadronic direct stop pair production search.
j1 and j2 are the leading and sub–leading jets ranked by ET .

Quantity DØ

Ej1
T , E

j2
T > 30 GeV

∆φ j1–j2 90◦ < ∆φ < 165◦

∆φ j1–E/T 10◦ < ∆φ < 125◦

∆φ j2–E/T 10◦ < ∆φ
Lepton veto e and µ
E/T > 40 GeV

the two leading jets are separated by at least ∆φ > 90◦. After these cuts, the
dominant backgrounds are from W and Z boson production and decay, with
the largest being W → τν. If the τ decays hadronically, only 1 additional jet
is necessary to fake the signature. Top quark production is not as important
a background for the light stop search as for the conventional hadronic squark
search because of the lower jet multiplicity requirement. As with the hadronic
squark/gluino searches, the cuts are not very efficient for signal events. The
efficiency is largest when the stop is heavy compared to the χ̃0

1 (near the
kinematic boundary for the decay t̃1 → tχ̃0

1), reaching a maximum value of
only 4%. The mass difference mt̃ −M

χ̃0
1

determines the ET of the charm jet

and rapidly limits this search mode as the charm jets become too soft (see Fig.
11).

With the assumption that BR(t̃1 → cχ̃0
1)=1, the predicted SUSY final

state depends only on M
χ̃0

1

and mt̃1 . The result of this search is a 95% C.L.

exclusion limit on a region in the M
χ̃0

1

− mt̃1 plane, shown in Fig. 11. The

production rate has been calculated using only LO production cross sections
evaluated at the scale Q2 = 2stu/(s2 + t2 +u2) from ISAJET,51 so the limit will
change somewhat if re–evaluated with NLO production cross sections.

CDF and DØ have also presented results from a search for t̃1t̃
∗
1 production,

with t̃1 → bχ̃±
1 .77 The CDF search is in the lepton+jets channel, and uses a

shape analysis of the transverse massg of the lepton and E/T .80 The selection
criteria are given in Table 8. For both searches, the detection efficiency is
smaller than for tt̄ production with a top quark of the same mass because of
the softer leptons from the 3–body decay χ̃±

1 → ℓνχ̃0
1. The mass splitting

g Transverse mass squared is M2
T = (|~p ℓ

T | + | ~E/T |)2 − (~p ℓ
T + ~E/T )2, and is a useful ex-

perimental quantity when information about the longitudinal component of momentum is
missing.
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Figure 11: Mass limits from the DØ search for t̃t̃∗ production with the decay t̃ → cχ̃0
1

at the
Tevatron.79 The decay is kinematically forbidden in the two solid grey regions. The hashed
regions marked Θt̃ show the LEP excluded regions as a function of the stop mixing angle,
which determines the strength of the stop coupling to the Z boson. The mixing does not

affect the tree level process at hadron colliders.

Table 8: Selection criteria for the CDF lepton+jets+b–tag direct stop pair production search.
ℓ = e or µ.

Quantity CDF cuts

Eℓ
T > 20 GeV

E/T > 20 GeV

Ej1
T , η range > 15 GeV, |η| < 2.0

Ej2
T , η range > 8 GeV, |η| < 2.4

Jets ≤4, Ej
T > 8 GeV

SVX b–tag 1, Ej
T >8 GeV

Mt̃ −M
χ̃±

1

sets the efficiency for detecting the jets. The results of the CDF

search are shown in Fig. 12 (left). The decay χ̃±
1 → W ∗χ̃0

1 is assumed using
the masses (i) M

χ̃±

1

= 80 GeV and M
χ̃0

1

= 30 GeV and (ii) M
χ̃±

1

= 70 GeV
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Table 9: Selection criteria for the DØ dielectron+jets+E/T direct stop pair production search.

Quantity DØ cuts

Ee1

T , Ee2

T > 16, 8 GeV

Ej
T > 30 GeV

Ee1

T +Ee2

T +|E/T | < 90 GeV
Mee < 60 GeV
E/T > 22 GeV
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Figure 12: (Left) The CDF cross section limit on direct production of the top squark using 90
pb−1 of data. The decay mode is t̃ → bχ̃+

1
(→ W ∗χ̃0

1
). One W must decay semi–leptonically

giving a signature of a lepton, E/T , and jets. The theoretical cross section is from ISAJET
7.06. (Right) The DØ 95% confidence level cross section limit on the cross section for stop
production times the branching ratio to a final state containing 2 electrons as a function of
the mass of the t̃ is shown as a solid line.81 The mass of the lightest chargino is assumed to
be 47 GeV. The predicted cross section times branching ratio from ISAJET

51 is also shown
as a dashed line.

and M
χ̃0

1

= 30 GeV. Given these mass choices, there is little other parameter

dependence. Presently, the cross section limits are above the predicted cross
sections due to the high ET cuts.

DØ searches in the dilepton channel81 using the cuts listed in Table 9.
The signature is similar to the squark and top dilepton searches. The results
are shown in Fig. 12 (right), assuming M

χ̃±

1

= 47 GeV and M
χ̃0

1

= 28.5 GeV.

A substantial background comes from Z → τ+τ−, again requiring a high
threshold for the ET cuts, and no limit can be set.

The above analyses were done in regions of SUSY parameters that have
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been excluded by LEP. They show, however, the procedures to be followed in
redoing these studies for other regions of the MSSM parameter space.

Top Squark Production From Top Decays

CDF has presented another analysis using the SVX–tagged lepton+jets sample
to search for the decay t → t̃1χ̃

0
1, with t̃1 → bχ̃±

1 .82 If one of the top quarks
in a tt̄ event decays t → bW (→ ℓν) and the other t → t̃1χ̃

0
1 followed by t̃1 →

bχ̃±
1 (→ jjχ̃0

1) or t → bW (→ jj) and t→ t̃1χ̃
0
1 followed by t̃1 → bχ̃±

1 (→ ℓνχ̃0
1),

the signature is bb̄ℓνjj+E/T , the same as in the SM, but where the E/T includes
the momentum of the χ̃0

1. The lepton+jets channel has a large number of
events, so a kinematic analysis can be performed on the event sample. Due to
the mass of the χ̃0

1 and the intermediate sparticles in the decay chain, the jets
from the SUSY decay are significantly softer. This difference is exploited as
the basis of the search.

Table 10: Selection criteria for the CDF search for top decaying into stop in the signature
of 1 lepton (ℓ), E/T , and 3 jets including at least one b tag, where ℓ = e or µ. The quantity
| cos θ∗| is the polar angle of a jet in the rest frame of the ℓ, E/T and jets. ∆Ri is the distance
between a jet i and the next nearest jet in η − φ space. The jets are ordered in ET , so

E1
T > E2

T > E3
T .

Quantity CDF cuts∫
Ldt 110 pb−1

Eℓ
T > 20 GeV

E/T > 45 GeV
MT (ℓE/T ) > 40 GeV
pT (ℓE/T ) > 50 GeV

E1,2
T > 20 GeV, |η| < 2.0

E3
T > 15 GeV, |η| < 2.0

| cos θ∗|1,2,3 < 0.9, 0.8, 0.7
∆R1,2,3 ≥ 0.9

Number of SVX b–tags ≥ 1 for Ej
T >15 GeV

The cuts listed in Table 10 are optimized for acceptance of the SUSY decay
and rejection of W+jets background. A likelihood function is computed for
each event reflecting the probability that the jets with the 2nd and 3rd highest
ET in the event are consistent with the stiffer SM distribution (as compared
to the SUSY distribution). The distribution of this likelihood function shows
a significant separation of these two hypotheses. After applying the cuts listed
in Table 10, nine events remain, all of which fall outside of the SUSY signal
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region. For stop masses between 80 and 150 GeV and chargino masses between
50 and 135 GeV, a BR(t→ t̃1χ̃

0
1)=50% is excluded at the 95% C.L., provided

that M
χ̃0

1

= 20 GeV. Because M
χ̃0

1

is fixed in this manner, it is not related to

M
χ̃±

1

as in SUGRA. At present, only this one example is available (for M
χ̃0

1

already excluded by LEP); more statistics will significantly improve it.

4.4 Sleptons

At hadron colliders, sleptons can only be pair produced through their elec-
troweak couplings to the γ, Z andW bosons. Figure 13 shows the cross sections
as a function of the corresponding slepton mass compared to the differential
Drell–Yan pair production cross section, dσD−Y/dQ, where Q = 2MX . The
rate for slepton pair production is at most a few tens or hundreds of fb at the
Tevatron, and so far neither collaboration has presented results on searches
for sleptons in the SUGRA or RIPS framework (we describe limits in gauge
mediated models later).
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Figure 13: Production cross sections for sleptons versus slepton mass at the Tevatron. The
Drell–Yan cross section for producing e+e− (curve b) is plotted as a function of Me+e− =

2MX . On this scale, the Drell–Yan peak (Z → e+e−) would appear at MX = 45 GeV.
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A (stable) charged slepton is not a viable LSP candidate, so the decays
ℓ̃±L,R → ℓ±χ̃0

i or ℓ̃±L → νχ̃±
i are expected. The sneutrino, instead, can be the

LSP, or it can decay invisibly ν̃ → νχ̃0
1, or visibly ν̃ → χ̃±

i ℓ
∓. If mν̃ < mℓ̃ <

M
χ̃0

1

, then the decay ℓ̃→ ℓ′ν′ν̃ (or ℓ̃ → qq̄ν̃) is possible. Promising signatures

are (i) e+e−, µ+µ−, τ+τ− plus E/T ,83 (ii) eµ, eτ, µτ plus E/T , and (iii) e, µ or
τ+jets plus E/T (or jets plus E/T ). Although charged slepton production can
lead to charged leptons in the final state, there is no guarantee.

The major background to same–flavor lepton pairs is Drell–Yan pair pro-
duction, with fake E/T from mismeasurement of the lepton or jets in the event.
Most of this background can be removed by vetoing on a dilepton mass window
around the Z mass, by requiring significant E/T (≥ 25 GeV), and by vetoing
events with the E/T pointing in φ along one of the leptons or a jet. Top quark
production is also a major background to a slepton heavier than the lighter
gaugino, as it produces dilepton events that have real E/T .83 Untangling a few
heavy slepton events from top events would be difficult at the present low level
of statistics.

Inclusive searches have the advantage of a larger acceptance than searches
in exclusive channels. A unique signature of slepton production directly or in
cascade decays would be the apparent violation of lepton universality. If the
sleptons are not degenerate, both the production and decays of the sleptons will
favor one or two leptons over the others, resulting in an imbalance in the de-
tected e/µ/τ ratios in SUSY–enhanced channels. The dominant backgrounds
to inclusive leptons come from heavy flavor production (e.g. b–quarks), and
(single) W and Z boson production.84 Because sparticles are produced in pairs,
it may be possible to discriminate against SM backgrounds by requiring the
identification of a part of the decay of the second sparticle. Examples of chan-
nels that may have enhanced SUSY contributions over SM backgrounds (and
hence possibly apparent lepton universality violation) are those that have, in
addition to the lepton, a γ, W , Z, additional lepton, or a third–generation
particle.

4.5 Charged Higgs Bosons

Even though Higgs bosons are not sparticles, the discovery of one or more
would be considered indirect evidence for SUSY.h If it is light enough, the
charged Higgs boson H± can be produced in the decay of the top quark
t → bH+.85 The branching fraction for this decay depends on the charged

hIf MH±
<
∼ 300 GeV, then there must exist extra light–matter fields beyond the SM to

partially cancel the H± contribution to BR(b → sγ).
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Higgs boson mass and tanβ. When kinematically allowed, this branching ra-
tio is larger than 50% for tanβ less than approximately 0.7 or greater than
approximately 50, and completely dominates for very small or very large val-
ues of tanβ. However, as discussed in section 2.1, values of tanβ ≤ 0.6 − 0.7
or above 60 would be associated with large top or bottom Yukawa couplings,
which will become infinite at scales not far above the TeV scale. In general, at
reasonably small values of tanβ, the charged Higgs boson decays H+ → cs̄; at
large tanβ it instead decays H+ → τ+ντ .

CDF has searched for the decay t → bH+ using both direct86,87 and in-
direct61 methods. Direct searches look for an excess over SM expectations
of events with τ leptons from the charged Higgs boson decay H+ → τ+ντ

(dominant for large tanβ). On the other hand, indirect searches are “disap-
pearance” experiments, relying on the fact that decays into the charged Higgs
boson mode will deplete the SM decays t → bW , decreasing the number of
events in the dilepton and lepton+jets channels.

The CDF direct search at large tanβ uses two sets of cuts, listed in Table
11, to search for an excess of τ ’s in tt̄ events. The first set selects a sample
containing a τ that decays hadronically, an SVX b–tagged jet, E/T and objects
indicating activity from the second top decay: a second jet and a third jet
or lepton. As MH± approaches mt, the b produced in the top decay t → bH
becomes less energetic, causing a reduced efficiency for the jet and b–tagging
requirements. To maintain efficiency in this region, a second set of cuts accepts
events that have two high–ET τ ’s and E/T .

The signature for hadronically decaying τ ’s is a narrow jet associated with
one or three tracks with no other tracks nearby. Typically the τ tracks are
required to be within a cone of 10◦ with no other tracks within a cone of 30◦.
Fake rates, measured as the probability that a generic jet is identified as a τ ,
are approximately 1% or less. These fake rates are too high to identify τ ’s in
a sample dominated by QCD. However, if another selection criterion is added
that further purifies the sample, τ ’s can be identified with a good signal–to–
background ratio. For example, hadronic decays of the τ are observed in (i)
monojet (W → τν), (ii) lepton, E/T and jet (Z → ττ) and (iii) the lepton+jets
top quark samples.88,89

The CDF direct search for tt̄ events with one or two charged Higgs bosons
decaying to τ leptons sets limits by two methods. In the first method, a
tt̄ production cross section and a SUSY model (MH± and tanβ) is assumed
and the number of expected τ events is computed. If the number expected
is too large to be consistent with the observed number at the 95% C.L., the
SUSY model is excluded for that tt̄ cross section. This method excludes a
charged Higgs with mass less than 155 GeV (100 GeV) if tanβ is greater than
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approximately 100 (50) and the top cross sectioni is 7.5 pb, as shown in Fig. 14
(left).

The second method combines the observation of t → bW decays into lep-
tons (e or µ) and jets with the number of τ decays from the direct search.
This has the advantage that a top production cross section does not need to
be assumed. The lepton+jets sample defines a top production cross section
which, in turn, through the SUSY model, predicts the number of τ events
expected. If the number is too large to be consistent with the observation,
the model is excluded. The limits set by this method are presented in detail
elsewhere.87 Qualitatively, the limits are similar to those set by the indirect
method (discussed below).

Table 11: Selection criteria for the CDF direct search for t → bH±(→ τν) in 100 pb−1 of
data. The τ ’s are identified in their hadronic decay modes as one or three isolated, high–pT

tracks. Events are accepted if they pass the cuts in either analysis path.

Quantity CDF

Analysis path 1:
Eτ

T > 20 GeV
E/T > 30 GeV

Ej1
T , SVX tagged > 15 GeV

Ej2
T > 10 GeV

Additional object e, µ, τ or
3rd jet with ET > 10 GeV

Analysis path 2:
Eτ1

T , E
τ2

T > 30 GeV
∆φ(τ1, τ2) < 160◦

E/T > 30 GeV

At small tanβ a direct search is difficult since the charged Higgs decays
into two jets. Instead only the indirect method is applied.

The indirect method can be applied to both small and large tanβ searches.
The observed numbers of dilepton and lepton+jets events are consistent (at

i The reader should be aware that there are subtleties in analyses that assume cross sec-
tions. The CDF experiment normalizes all cross sections to its measured proton–antiproton
cross sections, rather than to a hard process such as W production. The CDF total cross
section, in the judgement of one of the authors (HF), is most likely 10% too high, and thus all
cross sections (in particular the top cross section) are too high. For analysis which compare
different channels internally this has no effect, but for analyses which compare to theoretical
predictions the reader should be careful. The D0 experiment normalizes to a weighted mean
of the CDF and E710 values for the total cross section which is 2.4% lower than the CDF
value.
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the 95% C.L.) with a minimum production and decay rate in the SM. For
an assumed tt̄ cross section (and a charged Higgs boson mass and tanβ), a
simulation of the expected mixture of SM and charged Higgs boson decays
predicts a number of events in the SM channels. At points in the parameter
space where the decays to charged Higgs bosons are more pronounced, the SM
contributions are diminished. If the number expected in a SM channel is not
consistent with the rate defined by the data, the assumed values are excluded.
This method provides the limit displayed in Fig. 14 (left). The cross section of
5 pb is the expected cross section for a top mass of 175 GeV; the curves using
7.5 pb show the sensitivity of the limit to the assumed top cross section. Also
shown in the figure is how the limit in the region of large tanβ can be extended
using the assumptions of the indirect method. In this region the possibility
that a τ decay produces a high–pT lepton is included.

The area in Fig. 14 (left) labeled “ratio method” is the exclusion region for
an indirect search that does not make an assumption for the tt̄ cross section.
If charged Higgs boson decays were competing with SM decays, the ratio of
dilepton events to lepton+jets events would decrease, regardless of the tt̄ cross
section. This occurs because the lepton+jets yield is proportional to the SM
branching ratio while the dilepton yield is proportional to the SM branching
ratio squared. For each SUSY parameter point, the lepton+jets sample can be
used to infer a top cross section which, in turn, predicts a number of dilepton
events. The point is excluded if the prediction is inconsistent with the dilepton
data. Although this method excludes less parameter space, it is important since
the tt̄ cross section may be enhanced by SUSY mechanisms118 such as g̃ → tt̃.
At present, this method only excludes values of tanβ <

∼ 0.7, which are not of
much interest according to present theoretical bias.

DØ has also searched for a charged Higgs boson lighter than the top quark
using the indirect method.90 The analysis compares the number of events ob-
served in the lepton+jets channel to the number predicted assuming a theoret-
ical tt̄ production cross section. The limits depend on the mass of the charged
Higgs, tanβ, and the top quark mass mt. Table 12 shows the selection criteria
used in the search. Fig. 14 (right) shows the excluded region.

Recent studies have shown that quantum SUSY effects (SUSY QCD and
electroweak radiative corrections) to the decay mode t → bH+ (with subse-
quent decays into τ ’s) may be important and should be considered in future
analyses.91
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Figure 14: (Left) Exclusion space for the CDF searches for charged Higgs boson decays of
the top quark in tt̄ events. The shaded regions are from the indirect searches. For the
regions labeled σtt̄ = 5.0 and 7.5 pb a top production cross section is assumed and points
are excluded if the predicted SUSY decays have depleted the SM channels to an extent that
they are inconsistent with the data. The “ratio method” is an indirect method comparing
the number of lepton+jets events to the number of dilepton events and no top cross section
is assumed. The region excluded with solid lines at high tan β is from a direct search for
events where one or both top quarks in a tt̄ event decay to bH+(→ τ+ν) and information
from the SM channels is ignored. (Right) The results of a DØ indirect search for a charged
Higgs boson assuming mt = 175 GeV and a tt̄ production cross section of 5.53 pb and 4.77

pb. This limit is based on the full Run I DØ data sample.

4.6 Neutral Higgs Bosons

Within the MSSM, the main production channels for the lightest CP–even
Higgs boson h at the Tevatron are the same as for a SM Higgs boson, Wh or
Zh production.92 The cross sections behave in such a way that these channels
are relevant for large values of the CP–odd mass MA (the SM limit) or for
small MA and small tanβ. The heavy CP–even Higgs boson H could become
marginally relevant for searches at an upgraded Tevatron through ZH , WH
production, in some restricted region of parameter space, complementary to
the one relevant for the light CP–even Higgs boson searches. In addition, the
enhancement of the bottom Yukawa coupling in the large tanβ regime can
render the production processes hbb̄, Abb̄, and Hbb̄ useful to perform searches
in a large region of parameter space.93

Both collaborations have searched for a neutral Higgs boson in the mode
qq̄′ → W ∗ → W (→ eν, µν)h(→ bb̄). DØ has searched in 100 pb−1 of data
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Table 12: Selection criteria of the DØ search for a charged Higgs boson produced in top
quark decays. In addition, events are vetoed if the E/T is aligned in φ within 25◦ of a muon,

or if the muons in a µ event with a µ–tagged jet have a good fit to the decay Z → µµ.

Quantity DØ topological DØ tagged

ET threshold on leptons 20 GeV 20 GeV
Max η for leptons 2 (e) 1.7 (µ) 2 (e) 1.7 (µ)
Number of jets 4 3
jet ET threshold 15 GeV 20 GeV
E/T 25 GeV (e) 20 (µ) 20 GeV
HT 180 GeV 110 GeV
Sum of lepton ET and E/T 60 GeV N.A.
Aplanarity 0.065 0.04
|ηW | 2.0 N.A.
µ–tagged jets veto require

using a data sample containing a lepton, E/T and two jets.94 One of the jets
must have a muon associated with it for b–tagging. The cuts are listed in
Table 13. Twenty–seven events pass the selection criteria; 25.5 ± 3 events are
expected from Wjj and tt̄. The limits shown in Fig. 15 are set by a simple
event–counting method and by fitting the bb̄ dijet mass spectrum.

CDF has recently completed a similar search for the same decay mode using
109 pb−1 of data.95 All events must have one SVX b–tag. These events are split
into single–tagged (one SVX tag) and double–tagged samples (two SVX tags
or one SVX and one lepton (e or µ) tag). The 36 (6) single–tagged (double–
tagged) events are consistent with the 30 ± 5 (3.0 ± 0.6) expected from SM
W+jets and tt̄. Both the single– and double–tagged dijet mass distributions
are fit simultaneously to set the limits shown in Fig. 15.

The process qq̄ → Z∗ → Zh occurs at a comparable rate to the W ∗

process. CDF has searched for both associated production processes assuming
W/Z → jj.96 The event selection criteria are listed in Table 13. In 91 pb−1 of
data, 589 events remain, consistent with the expectation from QCD heavy–
flavor production and fake tags. To set limits, the bb̄ dijet mass spectrum is fit.
Also shown in Fig. 15 is the SM production cross section for Wh and Zh as a
function of the Higgs boson mass. The present experimental limits are roughly
two orders of magnitude away from the predicted cross section. However, Run
II will provide at least 20 times the data. This plus the possibilities of looking
at other decay modes (i.e. Zh→ ννbb̄) holds promise for Higgs physics at the
Tevatron.13
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Table 13: Selection criteria of Tevatron searches for the associated production of a neutral
Higgs boson and a W or Z, and the Higgs boson decays to bb̄.

Quantity CDF DØ

WH → ℓνbb̄
Ee

T (Eµ
T ) > 25(20) GeV > 20(20) GeV

E/T e (µ) > 25(20) GeV > 20(20) GeV

Ej1
T , E

j2
T > 15 GeV > 15 GeV

b–tagging one SVX tag one µ tag

(W,Z)H → jjbb̄
Quantity CDF

E
j1−4

T > 15 GeV
b–tagging 2 SVX tags
PT (bb̄) > 50 GeV

10
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−
)

95% CL upper limit

Figure 15: Limits from CDF and DØ for the associated production of a neutral Higgs boson
and a W or Z boson. The CDF limits are shown for the final states of ℓνbb and jjbb, and
the DØ limit is for the final state ℓνbb. The limit is set using a simple counting method and

by fitting the bb spectrum (“shapes”).

DØ has also searched for a fermio–phobic Higgs, i.e. one with suppressed
couplings to fermions.97 For a light neutral Higgs boson, the decay through
a virtual W loop to a γγ final state can be dominant.98 Events are selected
containing two photons with ET> 20 and 15 GeV, and two jets with ET> 20
and 15 GeV. No evidence of a resonance is seen in the mass distribution of
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the 2 photons, and DØ excludes, at a 95% C.L., such a Higgs with masses less
than 81 GeV. The branching fraction for h→ γγ is taken from Ref. [98].

Table 14: Selection criteria for the D0 search for a Higgs boson produced in association with
a hadronically-decaying W and which decays to two photons.

Quantity DØ

ET threshold on photons 1 above 20 GeV, 1 above 15
|η| on photons <1.1 or 1.5< |η| <2.25
ET threshold jets 1 above 20 GeV, 1 above 15
|η| on jets < 2
vector sum of photon ET < 10 GeV
vector sum of jet ET < 10 GeV

4.7 R–Parity Violation and a Short–Lived LSP

Allowing for R–parity violation in the MSSM opens a host of possibilities at
the Tevatron. Both baryon–number–violating operators (UDD) and lepton–
number–violating ones (LLE and LQD) are possible. There are many resonant
and non–resonant particle production mechanisms and subsequent decay pro-
cesses which have been analyzed in the literature.103 In this section, we restrict
ourselves to the experimental analyses performed so far.

The possible excess of HERA events at large Q2 has triggered interest in
studying the consequences of the interaction of a light squark (preferably a
top or charm squark) with an electron and a d quark.105 If the gluino were
heavier than this squark, then gluino pair production at the Tevatron and
the decay g̃ → c̄c̃L through R–conserving couplings, followed by the RPV
decay c̃L → e+d, would yield the signature of two electrons and 4 jets. If
the RPV decay c̃L → e+d is allowed through the coupling λ′121, then from
the structure of the R–parity violating Lagrangian (Eq. (24)) it follows that
s̃L → νed, d̃R → e−c, and d̃R → νes are also allowed. If mc̃L

≃ ms̃L
(which is

guaranteed) ≃ md̃R
(which is probable), then the gluino decays equally to c̃Lc̄,

s̃Ls̄, and d̃Rd̄ (+ h.c.) final states. Assuming that only RPV decays occur,
then 1/2 of gluino decays produce a charged lepton. Therefore, g̃g̃ production
produces like–sign dileptons 1/8 of the time. The requirement of only RPV
decays demands M

χ̃0
1

> m
Q̃

.

CDF has performed a search104 considering the RPV squark decays with
the signature of two like–sign electrons and two jets. In 105 pb−1 of Run Ia
and Ib data, no events remain after all cuts are applied (see Table 15). Varying
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Quantity CDF
Ee1

T , Ee2

T > 15 GeV, |η| <1.1
Qe1

+Qe2
±2

Ej1
T , E

j2
T > 15 GeV, |η| <2.4

S =E/T /
√

ΣEt < 5 GeV1/2

Table 15: Selection criteria of the CDF search for R–parity violating processes using
105 pb−1 of data.

the masses of the SUSY particles does not alter the acceptance significantly
since they are heavy enough for the decay products to easily pass the ET

thresholds. Because of this, the limit on the cross section times branching
ratio is approximately constant at 0.19 pb. For mc̃L

= 200 GeV, this excludes
Mg̃ < 230 GeV, assuming BR(g̃g̃ → e±e±X) = 1/8.

Allowing for possible R–parity conserving squark decays, the decay Q̃ →
qχ̃0

1 is possible, where χ̃0
1 is the LSP. Since the LSP has no R–parity conserving

decays kinematically accessible, the R–parity violating decay χ̃0
1 → cd̄e− or

c̄de+ occurs through a virtual charm or down squark, while χ̃0
1 → ds̄ν or d̄sν̄

occurs through a virtual strange or down squark. The exact branching ratio for
χ̃0

1 → e± +X depends on sparticle masses and the mixing of the neutralinos.
For the analysis, five squark masses are assumed to be degenerate and any
squark pair can lead to like–sign dielectron events, since χ̃0

1 is a Majorana
particle. Squark masses less than 210 GeV are excluded if the mass of the χ̃0

1

is more than half of the squark mass and the gluino is heavy. For lighter χ̃0
1,

the 3–body decay of the χ̃0
1 can produce electrons that are too soft to satisfy

selection criteria.

4.8 R–Parity Violation and Long–Lived Heavy Charged Sparticles

If R–parity is violated, and the LSP is charged, it can manifest itself as a long–
lived charged particle (see Sec. 2.4) in a collider detector. The particle can be
identified by measuring the dE/dx energy loss as it passes through the CDF
SVX and CTC detectors. For a given momentum, a heavy particle has a slower
velocity and hence a greater energy loss than a relativistic particle (β ≃ 1). If
the particle is weakly interacting or massive enough to kinematically suppress
showering, it will penetrate the detectors and be triggered on and reconstructed
as a muon with too much energy loss. A result using part of the Run I data has
been presented by CDF 102 and is updated with the full data set here. In 90
pb−1 of inclusive muon triggers (pT >30 GeV), CDF searches for particles with
ionization consistent with βγ < 0.6 and finds 12 events depositing more than
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twice the energy expected from a minimum ionizing muon. This is consistent
with the number of events expected from muons which overlap with other
tracks to fake a large dE/dx signal.

The CDF result can be used to exclude some SUSY scenarios with R–
parity violation (RPV). For example, the lightest tau slepton could be the LSP.
Its production rate through R–parity–conserving couplings can be determined
from Fig. 13. If λ333 is the only large RPV coupling, the decay τ̃ → τντ can
occur with a lifetime fixed by λ333 and mτ̃ (see Sec. 2.4). For small enough
λ333, this decay can occur outside the tracker, leading to the desired signal if
the τ̃ is travelling slowly enough.

4.9 Photon and E/T Signatures

An Unexpected Turn: the CDF eeγγE/T Event

Supersymmetry has so many parameters that the full range of its allowed sig-
natures may be hard to predict. In April 1995, the CDF experiment recorded
an event with a very unusual topology106 which may have SUSY interpreta-
tions. It has four electromagnetic clusters, which pass the typical cuts for two
electrons and two photons, and E/T . A display of the event is shown in Fig. 16.

The electron in the central region of the detector is well–isolated and is
associated with a track that has a pT in good agreement with the e− hypothesis.
The two photons are also well–isolated and have no associated tracks. The
“electron” at large η is more difficult to identify positively. The associated
track should only cross a part of the inner CTC where the occupancy is too
high to find the track. Hence, its charge cannot be determined. The VTX,
a wire chamber surrounding the SVX but inside the CTC, measuring in the
r − z view, has a track at the correct η for the electron hypothesis. The path
through the cluster and the event vertex can be searched for tracks in the
SVX, and this analysis is underway. The probability that the event could be
produced in the SM, including the probability that one or more of the objects
is fake, is being estimated. The preliminary results indicate that the number of
expected ℓℓγγE/T events is many orders of magnitude less than one. However,
the data set was derived from over three trillion collisions, and the probability
of all signatures which would be considered “rare” must be estimated (an
impossible task) to determine the significance of one event.

There have been two main proposals for a possible SUSY explanation of
the event: the Gravitino LSP and the Higgsino LSP model (for non–SUSY
explanations, see Refs. [107], for example). Both proposals also suggest other
signatures that should be expected within these models and which are pre-
sented in the following. The Tevatron collaborations have completed some of
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Figure 16: The very unusual CDF event containing two ‘electrons’, two ‘photons’ and missing
ET . The display is the calorimeter cylinder unrolled into a plane. The towers represent

energy deposition, with the height of the tower proportional to ET .

these searches, which are also discussed below.

Gauge–Mediated Low Energy SUSY–Breaking: Gravitino LSP

The CDF analysis of the above one event reminded theorists of low-energy
SUSY breaking models,108,109,110,113 which had long ago lost favor to SUGRA
models. In these models the (usually ignored) gravitino (G̃) is very light and
becomes the LSP. The lightest SM superpartner becomes the next–to–lightest
supersymmetric particle (NLSP), which is unstable and decays into its SM
partner plus the Goldstino component of the gravitino.114 In the simplest
gauge–mediated models, the squarks are heavy and the gauginos obey the
unification relationship in Eq. (11). Generically the NLSP can be a neutralino
or a slepton (most plausibly a right–handed slepton and, due to the larger
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Yukawa coupling, a τ̃ ). If the scale of SUSY breaking is not far above the
electroweak scale (≤ a few 1000 TeV), the NLSP will decay within the de-
tector, leading to distinctive signatures as displaced vertices or heavy charged
sleptons decaying into leptons, possibly with a kink to a minimum ionizing
track.108,110,111

If a gaugino–like neutralino is the NLSP, the only modification to SUGRA
phenomenology, where all sparticles decay down to χ̃0

1, is that χ̃0
1 then decays to

a photon and E/T . The production of χ̃0
2χ̃

±
1 , χ̃+

1 χ̃
−
1 and ℓ̃+Rℓ̃

−
R pairs, followed by

cascade decays, leads to the final statesWZγγ+E/T , Wℓ+ℓ−γγ+E/T , WWγγ+
E/T and ℓ+ℓ−γγ + E/T , all with comparable rates.110 A logical starting place
for searches is in the inclusive two photon and E/T channel.115 In particular,
the CDF event can be interpreted as either ẽẽ∗ production,108,113 followed by
ẽ → eχ̃0

1 or χ̃+
1 χ̃

−
1 production,113 followed by χ̃−

1 → e−ν̄eχ̃
0
1. If the coupling

between the gravitino and matter is large enough, then the lightest neutralino
can decay χ̃0

1 → γG̃ inside a collider detector, yielding the desired signature of
e+e−γγE/T . However, it follows that if one adjusts the parameters of the model
to explain the multilepton plus photons CDF event, then a very large rate of
multijet plus multileptons plus photon(s) events is to be expected.115,116 The
fact than none of these other signatures has been detected makes the above LSP
G̃ explanation of the CDF eeγγE/T event unlikely. Other possible explanations
may, however, remain open.

Signatures of photons+E/T can point towards models of low–energy SUSY
breaking, but there are other possible signatures in these models.111,112 If the
NLSP is a neutralino which is mainly Higgsino–like, then χ̃0

1 decays to the light-
est Higgs boson (or the heavy CP–even or the CP–odd neutral Higgs bosons if
they are sufficiently light) plus a gravitino. The Higgs boson will subsequently
decay into bb̄. Hence, the signature of 4 b–jets, which reconstruct the lightest
Higgs boson mass in pairs, plus E/T is possible. If the NLSP is a right–handed
slepton, then the decay ℓ̃ → ℓG̃ occurs, yielding lepton pairs and E/T as fi-
nal signature of slepton pair production. The dilepton signature will suffer
from large irreducible backgrounds, but the production and decay of heavier
sparticles can give spectacular signals. For example, the pair production of a
left–handed slepton which cascade decays into a right–handed slepton and a
neutralino can yield six leptons+E/T in the final state. Also, since the NLSP
slepton can be τ̃R, signatures with many τ leptons are possible.

If any of the above signatures were observed experimentally, a measure-
ment of the decay length of the NLSP would provide information about the
scale of supersymmetry breaking. However, the scale of SUSY breaking might
be sufficiently large that an NLSP slepton would decay outside the detector. In
this case, heavy charged particle pair production without missing energy could
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be a manifestation of gauge–mediated low–energy SUSY–breaking models.

Higgsino LSP

The Higgsino LSP model109 involves a region of MSSM parameter space in
which the χ̃0

2 is photino–like and the χ̃0
1 is Higgsino–like, so the radiative decay

χ̃0
2 → γχ̃0

1 dominates over other χ̃0
2 decay modes (see, for example, Eq. (5)).117

The event can be again interpreted as (i) ẽẽ∗ production, but with ẽ→ eχ̃0
2, or

(ii) χ̃+
1 χ̃

−
1 production, with χ̃−

1 → e−ν̄χ̃0
2, and the subsequent radiative decay

of the χ̃0
2 yielding the observed signature.

In these models, photons only arise from the decay of χ̃0
2. Other signatures

involving two photons might come from the process ν̃ν̃∗ → νν̄χ̃0
2χ̃

0
2, but there is

no guarantee that the ν̃ is light enough to produce a substantial signal. Because
the χ̃0

2 is photino–like, direct χ̃0
2χ̃

0
2 production is not large. In this model, the

dominant neutralino and chargino production processes are χ̃+
1 χ̃

−
1 , χ̃

0
1χ̃

0
3, and

χ̃±
1 χ̃

0
1, χ̃

±
1 χ̃

0
3. None of these involve the direct production of χ̃0

2. Typically, the
decay χ̃0

3 → Z∗χ̃0
1 occurs, yielding no photon. One of the next largest processes

is χ̃±
1 χ̃

0
2, which would produce a trilepton signature in SUGRA models, but

can produce ℓγE/T or jjγE/T signatures in the Higgsino LSP model.
If the stop is light, this discussion changes, because the χ̃±

1 can decay
χ̃±

1 → bt̃1, followed by t̃1 → cχ̃0
1. The signature is then a rather distinct

γbcE/T . However, such a light stop would appear in top decays, depleting the
observed SM decays to an unacceptable level. This is only true, though, if
there are no other sources of top quark production from SUSY, which there
obviously can be. Surprisingly, such models can be constructed that are in
accord with the present SUSY limits.118 If the gluinos are heavy enough so
that g̃ → tt̃∗1, or → t̄t̃1, and gluino production is further fed by squark decay

Q̃ → qg̃, then one can compensate for the lost top quarks in SUSY decay
modes. This leads to more sources of γbcE/T events than just χ̃±

1 χ̃
0
2 events, as

well as other signatures.

Inclusive Two Photons and E/T Signatures

The generic γγE/T +X signature has no significant background from real pho-
tons. The main backgrounds are caused by jets and electrons faking photons.
The SM production of W (→ eν)γ plus jets can fake some of the signatures if
the electron is misidentified as a photon. These events have a E/T spectrum
typical of W events, peaked at about MW /2 ≃ 40 GeV, with a long tail to
high E/T . The dominant instrumental background, however, is from di–jet and
γ+jet production, where the large production cross section overcomes the small
probability (≃ 10−4 − 10−3) that a jet fakes a photon.
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Figure 17 shows the E/T distributions from DØ (left) and CDF (right)
diphoton events 119,120 after imposing the selection criteria given in Table 16.
For the DØ analysis, the shape of the E/T spectra agrees well with backgrounds
containing two electromagnetic–like clusters, where at least one of the two
clusters fails the photon selection criteria. Two events satisfy all selection
criteria, with a predicted background, dominated by jets faking photons, of
2.3 ±0.9 events. For the CDF analysis, the shape of the E/T distribution is
in good agreement with the resolution of the Z → e+e− control sample. The
event on the tail in E/T is the “eeγγE/T ” event. If the source of this event is
an anomalously large WWγγ production cross section that yields one event in
ℓℓγγE/T , CDF would expect dozens of events with two photons and four jets.
However, the jet multiplicity spectrum in diphoton events is well–modeled by
an exponential, and there are no diphoton events with 3 or 4 jets. As mentioned
before, events with diphotons, jets and E/T can be signatures of gauge–mediated
low–energy supersymmetry–breaking models.

Table 16: Selection criteria for γγ+E/T +X searches

Quantity DØ CDF

Eγ1

T , Eγ2

T > 20, 12 GeV > 25, 25 GeV
|ηγ | < 1.2 or between 1.5 and 2.0 < 1.1
E/T > 25 GeV > 35 GeV
∆φ between N.A. > 10◦

E/T and nearest jet

DØ presents limits120 in the framework of the Gravitino LSP scenario by
considering neutralino and chargino pair production. Assuming M2 ≃ 2M1

and large values of m
Q̃

, the signatures are a function of only M2, µ, and

tanβ. Event rates are predicted using PYTHIA.52 Figure 18 shows the limit
on the cross section for χ̃±

1 χ̃
±
1 and χ̃±

1 χ̃
0
2 production as a function of the χ̃±

1

mass when |µ| is large and thus the χ̃±
1 mass is approximately twice the χ̃0

1

mass. The figure also shows, more generally, the excluded region in the M2–µ
plane (µ < 0 gives larger χ̃±

1 , χ̃
0
2 − χ̃0

1 mass splittings, small |µ| means χ̃±
1 , χ̃

0
1,

and χ̃0
2 are more Higgsino–like), along with a prediction for the region that

might explain the CDF eeγγE/T event as chargino pair production. The latter
explanation requires 100 GeV < M

χ̃±

1

< 150 GeV with M
χ̃0

1

< 0.6M
χ̃±

1

to

produce one event with a reasonable probability.113

As can be seen from Fig. 18, the cross section limit is typically 0.24 pb for
either χ̃+

1 χ̃
−
1 or χ̃±

1 χ̃
0
2 production. By combining all chargino and neutralino

pair production processes, a χ̃±
1 with mass below 150 GeV is excluded. Hence,
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Figure 17: (Left) The E/T spectra in the DØ search for events with 2 photons, one with
ET > 25 GeV, the other with ET > 12 GeV.120 The points are the data, the solid line is
the estimated background from di–jet events and direct photon events. The dotted lines
are for gaugino production within gauge–mediated models using the parameters listed and
M1 ≃ 2M2. (Right) The CDF E/T spectrum for events with two central photons with
ET > 25 GeV. Events which have any jet with ET > 10 GeV pointing within 10 degrees
in azimuth of the E/T are removed. The solid histogram shows the resolution from the
Z → e+e− control sample. The dashed line shows the expected distribution from all SUSY
production in a model 115 with M2 = 225 GeV, µ = 300 GeV, tan β = 1.5, and M

Q̃
= 300

GeV.

to keep the chargino interpretation of the eeγγE/T event, it is necessary to
expand on the analysis of Ref. [113]. The chargino mass limit is much higher
than in SUGRA models, because of the 100% branching fraction for the de-
cay χ̃0

1 → γG̃ and the high detectability of the photon and E/T . The result
eliminates the possibility of observing signatures of this particular model at
LEP200. The E/T cut needed to control QCD backgrounds makes the analysis
sensitive to the mass splittings between χ̃0

1 and χ̃±
1 or χ̃0

2. However, the sim-
plest models predict unification mass relations between the gauginos, which
thus gives acceptable mass splittings.

DØ also has a limit on the cross section for ẽẽ∗ → e−e+χ̃0
2χ̃

0
2, ν̃ν̃

∗ →
νν̄χ̃0

2χ̃
0
2, and χ̃0

2χ̃
0
2 → γγχ̃0

1χ̃
0
1 using the same analysis as for the Gravitino LSP

search. Such signatures might also be expected in Higgsino LSP models. The
limit on the cross section for such processes is about 0.35 pb for M

χ̃0
2

−M
χ̃0

1

>

30 GeV, which is close to the maximum cross section predicted in these models.
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Figure 18: (Left) The DØ cross section limit on χ̃±

1
χ̃±

1
and χ̃±

1
χ̃0

2
production, assuming

M
χ̃±

1

≈ 2M
χ̃0
1

and BR(χ̃0
1

→ γG̃) = 100%. The top dotted (dashed) curve is the cross

section from PYTHIA for χ̃±

1
χ̃0

2
(χ̃+

1
χ̃−

1
) production. The bottom dotted (dashed) curve is the

cross section limit from the DØ collaboration120 on χ̃±

1
χ̃0

2
(χ̃+

1
χ̃−

1
) production. The vertical,

hatched line marks the 95% C.L. lower limit on the lightest chargino mass from considering
all chargino and neutralino pair production processes and all values of µ. (Right) The
limits on the parameters M2 and µ in gauge–mediated models based on PYTHIA for tan β=2
and M

Q̃
=800 GeV.120 The hatched area is the region proposed113 to explain the CDF

eeγγE/T event. The solid line shows the DØ bounds. The long–dashed line shows a contour
with M

χ̃±

1

= 150 GeV and the dash–dotted line shows a contour with M
χ̃0
1

= 75 GeV. The

dotted lines show an interpretation of preliminary LEP results at an energy of 161 GeV.

Single Photon, Heavy Flavor, and E/T

CDF has searched for the signature γbcE/T , as predicted in Higgsino LSP mod-
els with a light stop.118 The data sample of 85 pb−1 contains events with an
isolated photon with Eγ

T > 25 GeV and a jet with an SVX b–tag. The E/T spec-
trum of these events can be seen in Fig. 19. After requiring E/T>20 GeV, 98
events remain.119

The estimated background to the 98 events is 77 ± 23 ± 20 events. The
shape is consistent with background. About 60% of the background is due to
jets faking photons, 13% to real photons and fake b–tags, and the remainder
to SM γbb̄ and γcc̄ production; all of these sources require fake E/T . When
the E/T cut is increased to 40 GeV, 2 events remain. More than 6.43 events of
anomalous production in this topology is excluded.

The efficiency used in the limits is derived from a “baseline” model with
M

χ̃0
1

= 40 GeV, M
χ̃0

2

= 70 GeV, mt̃1 = 60 GeV, m
Q̃

= 250 GeV, and Mg̃ =
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Table 17: Summary of the 85 pb−1 data sample for the CDF γbE/T search. Limits are set
using all cuts which results in two events.

Quantity Cut Cumulative Number of Events
Eγ

T , ID cuts > 25 GeV 511335
SVX b–tag ≥ 1 1487

Eb
T , |η| < 2.0 > 30 GeV 1175

E/T > 20 GeV 98
E/T , ∆φ(γ−E/T ) < 2.93 > 40 GeV 2

225 GeV.a The distribution of the number of jets in the data is shown in
Fig. 19 compared to that expected from backgrounds and the SUSY model
(scaled ×10). There are more jets expected in the SUSY model than the data
indicates because of the hard kinematics of squark and gluino decays. The
baseline model predicts 6.65 events, so this model is excluded (at the 95%
C.L.). This result does not rule out the Higgsino LSP model in general, only
one version with a fairly light mass spectrum. A more general limit can be
set by holding the lighter sparticle masses constant and varying the squark
and gluino masses. In this case squarks and gluinos less than 200 GeV and
225 GeV, respectively, are excluded.

4.10 Other Anomalies

There are other anomalies in the current data beyond the “eeγγE/T ” event.
These are, so far, either single, rare events or discrepancies on the tails of dis-
tributions where statistics are low and backgrounds difficult to calculate. In
addition, there is the problem of calculating probabilities for “anomalies” a
posteriori. The expected number of events in any one channel from SUSY is
usually small with the present integrated luminosity. New physics will most
likely show up as a few events on the tails of SM distributions. Since there
are many potential SUSY signatures, one can only follow a strategy of sys-
tematically analyzing all high–mass channels and looking for discrepancies on
the tails of distributions. The single events such as the “eeγγE/T ” event have
been useful as “guideposts” indicating promising new channels, such as the
γbjE/T channel described above. It is still possible that a sensible picture of
these events will emerge from the Run I data when a complete survey of all
channels is completed using both detectors. At the very least, this is an im-
portant exercise for preparing the Run II analyses.

aThis analysis predates LEP results which exclude this example.
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Figure 19: CDF results for the E/T (left) and the jet multiplicity with ET > 15 GeV (right)
in events with a photon and a SVX b–tag. The search is for the signature bγE/T in a scenario
where χ̃0

2
→ γχ̃0

1
and the stop is light. The jet multiplicity histogram is made by requiring

E/T >20 GeV. The SUSY model is normalized to the area of the data histogram – this is
scaling by a factor of 100 for the E/T histogram and a factor of 10 for the njet histogram.

The SUSY model has a Higgsino LSP 118 generated with PYTHIA 6.1.

Top Dilepton Events

As discussed earlier, the signature of dileptons+2 jets+E/T is a promising SUSY
search channel (see Sec. 32). However, such events would also be a background
to the SM top quark search using dileptons. The consistency of this dilepton
sample with that expected from tt̄ production has been the subject of intense
investigation.121 There are a number of peculiarities, none by themselves sta-
tistically significant at a level required to claim new physics. However, there
are several events that have low probabilities of being from top decay or any
other SM process.122 Such events should be taken seriously as potential SUSY
candidates.

The most interesting of the anomalous CDF events106,88 is Event 129896
of Run 67581, which has three, clean, isolated, high–pT leptons, large E/T , and
a high–ET jet. In addition, the most energetic of the leptons is a positron with
ET ≃ 200 GeV, significantly larger than is typical for top events (0.06 ± 0.02
events are expected). The corrected E/T is over 100 GeV, also large for top
decay ( 0.6 ± 0.1 events are expected). The event contains a jet with ET ≃
100 GeV; the total transverse energy plus E/T is about 450 GeV. The other
two leptons are an electron with ET = 27 GeV and a muon (µ−) with pT = 27
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GeV/c. The invariant mass of the e+e− pair is 130 GeV, well away from MZ ;
the pair has very high pT . In the SM top quark analysis, the event is classified
as a dilepton+2 jet event, because the lower ET electron fails the fiducial cut
by 4 mm and is thus defined to be a jet; however, the electron passes all other
standard electron criteria and is a “golden” electron in all other ways.a The
kinematics of the event are unusual: the invariant mass Meµj is on the order of
mt, while the other hemisphere contains only the high–ET positron. The three
isolated leptons and the kinematics make the event unlikely to come from SM
top production and decay. The event is a high–mass trilepton +E/T event, and
is consequently a good SUSY candidate.122

Figure 20: (Left) Scatterplot of the angle ∆φ(E/T ,ℓj) between the corrected E/T and the
closest lepton or jet versus corrected E/T for the ee, µµ, and eµ candidate events, compared
with the expected distributions for tt and background. Background and top contributions are
not normalized to the expected number of events. (Right) The distribution of E/T significance
versus E/T for events with a primary lepton and a tau candidate (the slope of the data and
background is different, because the background is dominated by QCD) in the CDF data
compared with the tt Monte Carlo. Three of the four final candidate events (stars) have

b–tagged jets.

Other discrepancies in the top dilepton sample involve the kinematics.
Some of the anomalous behavior in the kinematics can be seen in Fig. 20 (left),
which shows E/T versus ∆φ between the E/T and the nearest jet or lepton.88,123

Also shown is the distribution expected from Monte Carlo tt̄ events, but corre-

aIn the top quark analysis the fiducial volume was conservatively chosen to be the same
as for the precision electroweak measurement of the ratio of W to Z cross sections. The 4
mm miss does not affect the electron identification.
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sponding to 100 times the luminosity. There are several events out in regions
less populated by top quark events (one is the trilepton event). Figure 20
(right) shows the distribution in E/T significance 88 vs E/T for the CDF tau–
lepton top sample. None of these latter discrepancies is at a statistical level
that is significant; these will be channels of great interest in Run II.

5 Conclusions

As can be seen from Table 1, there has been a large effort in SUSY searches at
the Tevatron. However, given the wide range of possible experimental signa-
tures in the minimal Supersymmetric extension of the Standard Model, there
is still work in progress and much to be done. Many Run I analyses are under
way.

Our quantitative conclusions on Run I are reflected in the Figures and
Tables of this review; here we will add a few more general qualitative observa-
tions:

1. A systematic exploration of signatures and channels is just starting. In
addition, the detectors have not yet been exploited fully; for example,
better c–tagging and dijet resolution to investigate final states with re-
constructed W and Z bosons may be possible. These tools will allow the
study of new channels.

2. There are some events involving leptons and/or photons that are provoca-
tive, and can be “guideposts” for Run II and further Run I analyses.

3. There is a substantial need for theorists and experimentalists to work
together to understand better how to derive and present limits from
the Tevatron. We should move on parallel paths toward more “model–
independent” predictions and limits (e.g. presenting plots of cross section
versus experimentally measured quantities like thresholds), and confront
specific models in ways that allow the two experiments to compare their
results.

4. The analyses so far are luminosity limited: the reach of the searches is
just entering the interesting regions.

In Run II, two upgraded detectors at the Tevatron will collect more data
at a higher energy of 2 TeV. The nominal integrated luminosity is 2 fb−1, with
a possible extension to 10 or even 30 fb−1. The production cross sections for
heavy sparticles will increase significantly with the higher energy. Chargino
and neutralino searches, as well as squark and gluino searches, will cover a wide
range of SUSY parameter space in Run II. Most importantly, by extending
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Run II up to an integrated luminosity of about 20 fb−1 and combining search
channels, the Tevatron can perform a crucial test of the MSSM Higgs boson
sector.

The experience gained from Run I analyses will greatly increase the quality
of the Run II searches.124,125 New triggering capabilities will open up previ-
ously inaccessible channels, particularly those involving τ ’s and heavy flavor.
Increased b–tagging efficiency and E/T resolution will enhance many analyses.
A factor of 20 or more data combined with improved detector capabilities
makes the next Run at the Tevatron an exciting prospect.
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A Appendix A

A.1 Typical Decay Modes of Supersymmetric Particles.

Table 18: Typical final states from sparticle decay, assuming χ̃0, χ̃±, ℓ̃, ν̃ < Q̃(6= t̃, b̃), g̃.
HLSP denotes models with a Higgsino LSP and GLSP denotes models with a Gravitino
LSP. Event signatures from sparticle pair production can be constructed by combining two

decays.

Particle Intermediate State Final State Comment
χ̃0

i → E/T

→ ℓℓ̄ E/T

→ jj E/T

→ γ E/T HLSP, GLSP
→ tt̃∗ → bW c̄ E/T mt̃ < mb +M

χ̃±

1

· · · → bW b̄ℓ E/T

· · · → bW b̄jj E/T

→ bb̃∗ → bb̄ E/T

χ̃±
i → ℓ E/T

→ jj E/T

→ ℓγ E/T HLSP, GLSP
→ jjγ E/T HLSP, GLSP

→ bt̃∗ → bc̄ E/T mt̃ < mb +M
χ̃±

1

· · · → bb̄ℓ E/T

· · · → bb̄jj E/T

→ tb̃∗ → bW b̄ E/T

ℓ̃ → ℓχ̃0
1 → ℓ E/T

→ ℓχ̃0
2 → ℓ E/T

· · · → ℓℓ
′

ℓ̄
′

E/T

· · · → ℓjj E/T

→ ℓγ E/T HLSP, GLSP
→ νχ̃±

1 → ℓ E/T

· · · → jj E/T

· · · → bc̄ E/T mt̃ < mb +M
χ̃±

1
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A.2 Typical Decay Modes of Supersymmetric Particles (continued,1).

Table 19: Typical final states from sparticle decays (continued,1).

Particle Intermediate State Final State Comment
ν̃ → νχ̃0

1 → E/T

→ νχ̃0
2 → E/T

· · · → ℓ
′

ℓ̄
′

E/T

· · · → jj E/T

→ γ E/T HLSP, GLSP

→ ℓχ̃±
1 → ℓℓ̄

′

E/T

· · · → ℓjj E/T

· · · → ℓbc̄ E/T mt̃ < mb +M
χ̃±

1

t̃ → cχ̃0
1 → c E/T mt̃ < mb +M

χ̃±

1

→ bχ̃±
1 → bℓ E/T

· · · → bjj E/T

→ tχ̃0
1 → bW E/T Mt̃ > mt +M

χ̃0
1

→ b̃W → bW E/T

b̃ → bχ̃0
1 → b E/T

→ bχ̃0
2 → b E/T

· · · → bℓℓ̄ E/T

· · · → bjj E/T

→ tχ̃±
1 → bWℓ E/T

· · · → bWjj E/T

· · · → bW b̄c E/T mt̃ < mb +M
χ̃±

1

→ t̃W → cW E/T mt̃ < mb +M
χ̃±

1

· · · → bℓW E/T

· · · → bjjW E/T
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A.3 Typical Decay Modes of Supersymmetric Particles (continued,2).

Table 20: Typical final states from sparticle decays (continued,2).

Particle Intermediate State Final State Comment

Q̃ → jχ̃0
1 → j E/T

→ jχ̃0
2 → j E/T

· · · → jℓℓ̄ E/T

· · · → jjj E/T

→ jχ̃±
1 → jℓ E/T

· · · → jjj E/T

· · · → jbc̄ E/T mt̃ < mb +M
χ̃±

1

→ jg̃ → jjj E/T

→ jγ E/T HLSP, GLSP

g̃ → jQ̃ → jj E/T

→ tt̃∗ → bW c̄ E/T mt̃ < mb +M
χ̃±

1

→ bb̃∗ → bb̄ E/T

→ jjχ̃0
1 → jj E/T

→ jjχ̃0
2 → jj E/T

· · · → jjℓℓ̄ E/T

· · · → jjjj E/T

→ jjχ̃±
1 → jjℓ E/T

· · · → jjjj E/T

· · · → jjbc̄ E/T

→ tt̄χ̃0
1 → bW b̄W E/T

→ tb̄χ̃±
1 → bW b̄ℓ E/T

· · · → bW b̄jj E/T
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B Appendix B

B.1 Examples of Multijet Signatures for SUSY.

Table 21: Examples of R–Parity Conserving SUSY signatures at the Tevatron: Jets+E/T .
Not all signatures are listed – we have (somewhat arbitrarily) restricted the list. We assume

that the LSP is the χ̃0
1
. Note that Q̃ decays give one or 3 jets, g̃ decays give 2,4, or 6 jets,

and the χ̃±

i , χ̃0
i , ℓ̃, and ν̃ decays give an even number of jets.

R–Parity Conserving Signatures: Jets +E/T

Signature Production Decay

jE/T Q̃χ̃0
1 Q̃→ qχ̃0

1

jjE/T Q̃Q̃∗ Q̃→ qχ̃0
1; Q̃

∗ → q̄χ̃0
1

χ̃±
1 χ̃

0
1 χ̃±

1 → qq̄χ̃0
1

t̃t̃∗ t̃→ cχ̃0
1

jjjE/T Q̃χ̃0
1 Q̃→ qχ̃±

1 ,χ̃±
1 → qq̄χ̃0

1

Q̃g̃ Q̃→ qχ̃0
1; g̃ → qq̄χ̃0

1

jjjjE/T Q̃Q̃∗ Q̃→ qχ̃0
1; Q̃

∗ → qχ̃±
1 → q(qq̄χ̃0

1)
g̃g̃ g̃ → qq̄χ̃0

1

5jE/T Q̃g̃ Q̃→ qχ̃±
1 → q(qq̄χ̃0

1); g̃ → qq̄χ̃0
1

6jE/T Q̃Q̃∗ Q̃→ qχ̃±
1 → q(qq̄χ̃0

1)

g̃g̃ g̃ → qq̄χ̃0
1; g̃ → qQ̃→ q(qχ̃±

1 → q(qq̄χ̃0
1))

> 6jE/T Q̃g̃ Q̃→ qχ̃±
1 → q(qq̄χ̃0

1); g̃ → qQ̃→ q(qχ̃±
1 → q(qq̄χ̃0

1))
g̃g̃ g̃ → tt̃→ (Wb)(χ̃±

1 b) → (jjb)(jjbχ̃0
1); g̃ → qq̄χ̃0

1
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B.2 Examples of SUSY Signatures that Include b-quarks.

Table 22: Examples of R–Parity Conserving SUSY signatures at the Tevatron: b–tags + jets
+E/T . We have shown only a few modes. The signatures change depending on the relative

masses of the b̃, t̃, χ̃±

1
and χ̃0

1
.

R-Parity Conserving Signatures: b quarks
Signature Production Decay

bE/T b̃χ̃0
1 b̃→ bχ̃0

1

bjE/T b̃t̃ b̃→ bχ̃0
1; t̃→ cχ̃0

1

bjjE/T b̃g̃ b̃→ bχ̃0
1; g̃ → qq̄χ̃0

1

t̃χ̃0
1 t̃→ bχ̃±

1

bjjjE/T b̃b̃ b̃→ bχ̃0
1; b̃→ t̃W, t̃→ cχ̃0

1

b̃t̃ b̃→ bg̃, g̃ → qq̄χ̃0
1; t̃→ cχ̃0

1

bjjj . . .E/T b̃b̃ b̃→ bg̃g̃ → qq̄χ̃0
1; b̃→ t̃W t̃→ cχ̃0

1

bbj . . .E/T b̃b̃ b̃→ bχ̃0
1

t̃t̃∗ t̃→ bχ̃±
1 , χ̃

±
1 → qq′χ̃0

1

bbbj . . .E/T g̃b̃ g̃ → bb̄χ̃0
1; b̃→ bχ̃0

1

g̃t̃ g̃ → bb̄χ̃0
1; t̃→ bχ̃±

1 , χ̃
±
1 → qq′χ̃0

1

bbbbj . . .E/T g̃g̃ g̃ → bb̄χ̃0
1

bbℓjjE/T t̃t̃ t̃→ bχ̃±
1 , χ̃

±
1 → eνχ̃0

1, χ̃
±
1 → qq′χ̃0

1

bbℓℓE/T t̃t̃ t̃→ bχ̃±
1 , χ̃

±
1 → eνχ̃0

1
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B.3 Examples of SUSY Signatures that Include Leptons.

Table 23: Examples of R–Parity Conserving SUSY signatures at the Tevatron: Leptons. We
have shown only a few modes. Note that (for example) ẽ decays can give 0, 1, or 3 (charged)
leptons, and ν̃ decays can give 1 or 2 leptons. The signatures will change depending on the
relative masses of the sneutrinos and sleptons in the different generations. We have not shown
explicitly the differences in the “left” and “right” slepton decays. The decays that single out
the τ (for example, from the H+) are omitted here. Decay modes involving neutralinos and
charginos can be created by feed–down from squark and gluino decays. Gluino decays can

lead to leptons with uncorrelated charges.

R–Parity Conserving Signatures – “Generic” Leptons
Signature Production Decay
ℓE/T ẽν̃ ẽ→ eχ̃0

1; ν̃ → νχ̃0
1

χ̃±
1 χ̃

0
2 χ̃±

1 → eνχ̃0
1; χ̃

0
2 → ννχ̃0

1

ℓℓE/T χ̃±
1 χ̃

±
1 χ̃±

1 → eνχ̃0
1

χ̃0
2χ̃

0
2 χ̃0

2 → eeχ̃0
1; χ̃

0
2 → ννχ̃0

1

ẽẽ ẽ→ eχ̃0
1

ℓℓℓ . . .E/T χ̃±
1 χ̃

0
2 χ̃±

1 → eνχ̃0
1; χ̃

0
2 → eeχ̃0

1

χ̃0
2χ̃

0
2 χ̃0

2 → eeχ̃0
1; χ̃

0
2 → eeχ̃0

1

ẽẽ ẽ→ eχ̃0
2, χ̃

0
2 → eeχ̃0

1

ẽν̃ ẽ→ eχ̃0
2, χ̃

0
2 → eeχ̃0

1; ν̃ → eχ̃±
1

ℓj . . .E/T χ̃±
1 χ̃

0
2 χ̃±

1 → eνχ̃0
1; χ̃

0
2 → qq̄χ̃0

1

g̃g̃ g̃ → qq′χ̃±
1 ; g̃ → qq̄χ̃0

1

ℓℓj . . .E/T ẽẽ ẽ→ eχ̃0
1; ẽ→ νχ̃±

1 (→ eνχ̃0
1)

χ̃±
1 χ̃

0
2 χ̃±

1 → qq′χ̃0
1; χ̃

0
2 → eeχ̃0

1

g̃g̃ g̃ → qq′χ̃±
1 , χ̃

±
1 → eνχ̃0

1

t̃t̃∗ t̃→ bχ̃±
1 , χ̃

±
1 → eνχ̃0

1

ℓℓℓ . . . j . . .E/T χ̃±
1 χ̃

0
3 χ̃±

1 → eνχ̃0
1; χ̃

0
3 → qq̄χ̃0

2(→ eeχ̃0
1)

g̃g̃ g̃ → qq′χ̃±
1 ; g̃ → qq̄χ̃0

2
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B.4 Examples of SUSY Signatures that Include Photons.

Table 24: Examples of R–Parity Conserving SUSY signatures at the Tevatron: γ’s+E/T .

In the light Gravitino scenario (GLSP) χ̃0
1
→ γG̃ always occurs. If the decay has a long

lifetime, one of the two χ̃0
1

may decay outside the detector (LLG). In the Higgsino LSP

scenario (HLSP), χ̃0
2
→ γχ̃0

1
often occurs.

R-Parity Conserving Signatures: Photons
Signature Production Decay Comment

γE/T χ̃0
1χ̃

0
1 χ̃0

1 → γG̃, χ̃0
1 → γG̃ LLG

γjE/T Q̃χ̃0
1 Q̃→ qχ̃0

1, χ̃
0
1 → γG̃ LLG

γjjE/T χ̃±
1 χ̃

0
1 χ̃±

1 →Wχ̃0
1, χ̃

0
1 → γG̃ LLG

χ̃±
1 χ̃

0
2 χ̃±

1 → qq′χ̃0
1, χ̃

0
2 → γχ̃0

1 HLSP

γjjj . . .E/T g̃g̃ g̃ → qQ̃→ q(qχ̃±
1 → q(qq̄χ̃0

1)) LLG

Q̃g̃ Q̃→ qχ̃0
1; g̃ → qq̄χ̃0

2, χ̃
0
2 → γχ̃0

1 HLSP

γbE/T χ̃±
1 χ̃

0
2 χ̃±

1 → t̃b, t̃→ cχ̃0
1; χ̃

0
2 → γχ̃0

1 HLSP

γℓE/T χ̃±
1 χ̃

0
1 χ̃±

1 → eνχ̃0
1, χ̃

0
1 → γG̃ LLG

χ̃±
1 χ̃

0
2 χ̃±

1 → eνχ̃0
1; χ̃

0
2 → γχ̃0

1 HLSP
ẽν̃ ẽ→ eχ̃0

2, χ̃
0
2 → γχ̃0

1; ν̃ → νχ̃0
1 HLSP

γℓjj . . .E/T g̃g̃ g̃ → qq′χ̃±
1 (→ eνχ̃0

1); g̃ → qq̄χ̃0
2, χ̃

0
2 → γχ̃0

1 HLSP
γℓℓE/T χ̃0

2χ̃
0
2 χ̃0

2 → eeχ̃0
1; χ̃

0
2 → γχ̃0

1 HLSP
γℓℓjj . . .E/T g̃g̃ g̃ → qq̄χ̃0

2, χ̃
0
2 → eeχ̃0

1, χ̃
0
2 → γχ̃0

1 HLSP

γγjj . . .E/T χ̃±
1 χ̃

0
2 χ̃±

1 → qq′χ̃0
1; χ̃

0
2 → qq̄χ̃0

1, χ̃
0
1 → γG̃ GLSP

γγℓjj . . .E/T χ̃±
1 χ̃

0
2 χ̃±

1 → eνχ̃0
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